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Abstract 
Experiments were performed to evaluate the technical feasibility of selectively separating 
selected rare earth halides (bromides and chlorides) using a volatilization and condensation 
technique. Initially, optimum chloridizing and bromidizing roast parameters were secured in 
studies performed on reagent grade rare earth oxide samples and subsequently confirmed in tests 
performed on mineral ore and concentrate samples. The volatilization and condensation 
experiments were performed by placing the subject rare earth halide samples in an argon-purged 
multiple-zone tube furnace wherein the temperature profile was controlled to establish separate 
vaporization and condensation regions. Following each experiment, condensate and solid residue 
samples were analyzed to determine their respective rare earth element contents. The analytical 
results indicate potential exists for separating the more volatile halide species from those with 
relatively low vapor pressures; separation of species with intermediate vapor pressures was 
inconclusive. In most experiments, the rare earth halide vaporization efficiencies were severely 
limited by the extremely hygroscopic nature of the rare earth halides coupled with their high 
affinities for oxygen. At elevated temperatures, the hydrates react with halides to produce rare 
earth oxyhalides and oxides, which are not volatile at the temperatures (up to 1400 °C) 
considered in this research.      
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 Introduction 
In the past four decades, technological and environmental applications of rare earth 
elements have grown significantly in diversity and importance. REEs are critical for several key 
defense systems and advanced materials as well as for emerging technologies in communication, 
alternative energy, medical devices such as MRI’s and PET scanners, and batteries for hybrid 
vehicles. Currently, the worldwide production of rare earth oxides is dominated by China, which 
may cause the United States to face supply uncertainty in the future and jeopardize its 
longstanding leadership in many areas of rare earth technology. Due to continued advances in 
material development, the demand for REEs is expected to continue to increase [1]. 
1.1. Rare Earth Elements 
Rare earth elements are a group of 15 elements that range in atomic number from 57 to 
71 on the periodic table of elements. REEs are typically referred to as the lanthanides. Yttrium 
and scandium are commonly grouped with the REE because their chemical and physical 
properties are similar to the lanthanides. On the basis of their atomic weights, rare earth elements 
are traditionally divided into two groups: lights and heavies. The light REEs are lanthanum 
through gadolinium, atomic numbers 57 through 64, and the heavies consist of terbium through 
lutetium, atomic numbers 65 through 71. Although yttrium is light, with an atomic number of 39, 
it is included in the heavy REE group due to its similar chemical and physical properties. The 
rare earth elements are highlighted on the periodic table in Figure 1 [2]. 
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Figure 1: Periodic table of the elements outlining the rare earth elements in red [3] 
1.2. Applications 
Rare earth elements have a wide range of applications in both modern life and culture [2]. 
Many applications of REE are high unit volume and very specific. The biggest consumer of REE 
raw materials is the glass industry. REEs provide color and special optical properties as additives 
and for glass polishing. Nearly fifty percent of digital cameras lenses, including cell phone 
camera lenses, contain lanthanum [2]. They are typically used individually or in combination to 
make phosphors for many types of ray tubes and flat panel displays. For example, there is no 
known substitute for europium as the red color in cathode-ray tubes and liquid-crystal displays 
used in computer monitors and televisions [1].   
Rare earth magnets are rapidly growing in application [2]. Magnets that are small, 
lightweight, and high strength have allowed miniaturization of numerous electrical and electronic 
components [1].The strongest magnets known, neodymium-iron-boron magnets, are useful when 
3 
space and weight are factors. When rare earth magnets are used in computer hard disks and CD-
ROM/DVD disk drives, high stability in the disk’s spinning motion is achieved. Automotive 
subsystems, such as power steering, electric windows, power seats, and audio speakers, also 
employ rare earth magnets [2]. Without rare earth magnets, miniaturized multi-gigabyte portable 
disc drives would not be possible [1]. Figure 2 illustrates the common end uses of rare earth 
elements.  
 
Figure 2: End uses of rare earth elements [4] 
1.3. Geology 
The term “rare” used to describe rare earth elements is a historical misnomer. In reality, 
the term reflects unfamiliarity rather than true rarity. Some REEs occur in higher concentrations 
in the earth’s crust than common industrial metals including chromium, nickel, copper, zinc, 
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molybdenum, tin, tungsten, or lead. Figure 3 shows the relative abundance of chemical elements 
in the earth’s upper continental crust [1].  
 
Figure 3: Abundance (in atom fraction) of the chemical elements in the Earth’s upper continental crust as a 
function of atomic number [1] 
 REEs are commonly found together in the earth’s crust because they share similar ionic 
radii and trivalent charge. In nature, REEs do not exist individually, but rather as minor or major 
constituents in minerals. These minerals tend to be dominated by light or heavy REEs, although 
each can be present. When common silicate minerals crystallize, REEs can substitute for one 
another in the crystal structure, and multiple REEs typically occur within a single material [2]. 
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 Although rare earth elements are crustily abundant, they tend not to concentrate in 
economically exploitable ore deposits. Due to rare earths being found in such small 
concentrations, most of the world’s supply comes from a handful of sources such as China, 
Brazil, Australia, the United States, India, and Russia. In these countries, rare earth containing 
ore deposits are economical to mine and process. From the discovery of REEs through the mid-
1950s, a few REEs were produced in moderate amounts from monazite-bearing placers and 
veins. In 1949, a high grade bastnasite-rich ore body (8-12% light REOs) was discovered at 
Mountain Pass in California. From 1965 through the mid-1980s, Mountain Pass was the 
dominant source of REEs and the United States was self-sufficient in REE production. In August 
2015, Moly Corp announced that it would cease production at the Mountain Pass Mine, 
eliminating the US’s only source of RE production at the time. [1]. REE production in China 
increased dramatically since 1985, and in recent years, China has accounted for 95% of global 
REE production. As of 2010, China has restricted the supply of REEs through quotas, licenses, 
and taxes, as they need to retain their limited REE resources for domestic requirements and 
environmental concerns of mining [2]. In 2016, rare earth elements were not mined in the U.S. 
[5] 
 The United States went from self-sufficiency prior to about 1990 to nearly complete 
dependence on imports of REEs. From 2012 to 2015 the United States imported rare earth 
compounds and metals from China, 72%; Estonia, 7%; France, 5%; Japan, 5%; and other 11%. 
Imports from Estonia, France, and Japan were derived from mineral concentrates produced in 
China and elsewhere [5]. The Chinese domination of the REE market raises several issues of 
REE supply for the United States. The United States is in danger of losing its longstanding 
leadership in many areas of REE technology including processing technology and REE 
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applications. Rare earth elements have become increasingly important in defense applications 
and the availability of Chinese REEs to the U.S. market are dependent on stability of China’s 
internal policies and economy as well as the Chinese relationship with other countries [2]. 
 Due to China’s domination of the REE market, worldwide exploration for economically 
viable REE deposits and efforts to bring them into production has substantially increased since 
2000.  During 2012, more than 400 rare-earth projects were in progress [2]. An important 
consideration in the development of a REE mining property is the cost and complexity of 
processing REE ores. REE ore deposits contain REEs that are hosted within more than one 
mineral. Because REEs occur in minerals as a group of similar elements and have similar 
properties, recovery can be complex. Once the REEs are concentrated, they must then be 
separated from one another, which is hydrometallurgically intensive, requiring multiple solvent 
extraction and separation stages. 
1.4.  Extractive Processes 
 Extractive metallurgy is the act of applying various mechanical and chemical methods to 
remove valuable metals from ores and further refining the extracted metals into purer form. 
Extractive metallurgy can be classified into two broad categories: pyrometallurgy and 
hydrometallurgy. 
 Pyrometallurgy refers to high temperature thermal processes such as roasting, smelting, 
or refining that use heat to provide the energy necessary for a chemical reaction to proceed. The 
chemical reactions can create a combination of solid, liquid, and gaseous products that can be 
further processed or separated based on chemical or physical properties to extract and refine the 
metal(s) of interest. 
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 Hydrometallurgy uses aqueous chemistry to extract the desired metals into the solution at 
low temperatures. The leachant, typically an aqueous solution, is chosen based on the desired 
reactivity with the specific mineral or element. The desired element is dissolved in the leachant 
and the gangue is left behind in the solid form. The element bearing solution can then be 
concentrated and purified through precipitation, cementation, solvent extraction, or ion 
exchange. 
 Current hydrometallurgical processes used to recover REEs are capable of sequential 
separation of multiple mineral phases, but this route is often not cost effective. Mineral 
processing can be relatively costly when elements are found in multiple mineral phases (as REEs 
often are) because each phase requires a different extraction technology. Therefore, REE 
deposits containing single rare earth element-bearing mineral phases have a cost competitive 
advantage. To date, REE production has been dominated by single mineral phase deposits such 
as Bayan Obo (bastnasite), Mountain Pass (bastnasite), and heavy-mineral placers [6]. 
 REE-bearing minerals, once separated, have been known to contain up to 14 individual 
REEs. The individual REEs must then be further separated and refined. The metallurgical 
flowsheet, illustrated in Figure 4, shows the complexity of extracting and refining REEs at the 
Mountain Pass Mine. No two rare earth element ore bodies are truly alike so there is no standard 
process for extracting the REE-bearing minerals and refining them into marketable rare earth 
compounds, increasing the complexity of REE processing and recovery [6]. 
 The objective of this research was to evaluate an alternative extraction and separation 
method to conventional, complex hydrometallurgical processes. In the Master of Science thesis 
research conducted by Dan Gaede [7] [8], a pyrometallurgical process was used to convert rare 
earth oxides (REOs) to rare earth chlorides (RECls). Rare earth chlorides are water soluble, so 
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they can be recovered from the ore by leaching. The RECls were further separated utilizing 
selective vapor phase extraction. Previous research used a two-phase approach: chlorination 
(using NH4Cl) of a rare earth oxide at low temperature followed by separation of the chlorinated 
REEs in a high temperature furnace. Argon gas was used to ensure an inert atmosphere as well as 
a transporting agent. Separated RECl compounds exhibited both isolated condensation zones as 
well as mixed gradients of RECls. Gaede et al.’s two-phase approach is discussed in detail in 
Section 2. Vaporization [7].  
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Figure 4: Rare earth elements mineral-processing flow sheet for Mountain Pass Mine production of 12 rare 
earth element products [6] 
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1.5. Project Scope and Objectives 
Research performed in this study was based on selective separation of certain rare earth 
halides (chlorides and bromides) or groups of rare earth halides by vaporization and 
condensation at controlled furnace atmosphere and temperature profile. The objective of the 
preliminary research was to develop efficient and economical methods of extracting and refining 
rare earth elements contained in mineral ores and concentrates using pyrometallurgy. Proposed 
pyrometallurgical methods would convert rare earth oxides to rare earth halides at high 
efficiency, as exhibited by Gaede [7] and Ruffier [9], and selectively isolate certain rare earth 
elements using vapor phase extraction and condensation. 
Vaporization efficiency was determined with reagent grade and high grade rare earth 
bearing ore and concentrate samples. Greater than 99% pure reagent grade rare earth compounds 
were used in experiments to ensure quality. The technical feasibility of selective separation 
utilizing vaporization and condensation was assessed based on amount of water soluble rare 
earth elements detected in solution by ICP analysis. 
Experimental design was constructed based on findings from prior research, theoretical 
considerations, and characterization. An extensive literature review was conducted on 
halogenation of rare earth oxides and vaporization of rare earth halides. Previous research 
revealed ammonium halides as the most effective halogenating agents. The literature review also 
revealed that rare earth chlorides were the most prevalent halides studied.  
Thermogravimetric/differential thermal analyses (TGA/DTA) and theoretical 
thermodynamic modeling were used to evaluate the relative stabilities of various REE 
compounds at elevated temperatures. From the TGA/DTA and thermodynamic modeling, 
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temperature ranges in which vaporization was expected to occur for select rare earth halides 
indicated potential for selective separation by vapor phase extraction. Vapor phase extraction 
exploits differences in rare earth halide vapor pressure, subliming REEs and selectively 
condensing them at individual characteristic temperatures. Controlling the furnace temperature 
profile creates broad temperature zones for condensation. The furnace atmosphere was strictly 
controlled to ensure that no oxygen or moisture enters the system, potentially resulting in the 
formation of insoluble phases. 
  
12 
 
 Literature Review 
2.1. Chlorination 
Research on chlorination of REEs is not novel. Many chlorinating agents have been 
investigated including hydrogen chloride, chlorine, carbon and chlorine (“carbochlorination”), 
and ammonium chloride. 
Meyer et al. wrote one of the earliest papers on chlorination of rare earth elements, 
detailing the procedures used to convert solid rare earth oxides to chlorides. One of the greatest 
obstacles that Meyer et al. faced was the formation of rare earth oxychloride (REOCl). Rare 
earth oxychlorides are a stable species that can form at room temperature when rare earth 
chlorides are exposed to humidity in the air [9]. 
Meyer et al. used a two-step process to convert rare earth oxides to anhydrous rare earth 
trichlorides using ammonium chloride. The first step was to synthesize the complex chloride 
with a large excess of NH4Cl following the reaction: 12𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 +  𝑅𝑅𝑅𝑅2𝑂𝑂3 = 2 (𝑁𝑁𝑁𝑁4)3𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶6 + 6𝑁𝑁𝑁𝑁3(𝑔𝑔) + 3 𝑁𝑁2𝑂𝑂(𝑔𝑔) (1) 
  
𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶(𝑠𝑠) = 𝑁𝑁𝑁𝑁3(𝑔𝑔) + 𝑁𝑁𝐶𝐶𝐶𝐶(𝑔𝑔) (2) 
  
Excess ammonium chloride was used because it is readily consumed in the reaction and 
maximizes the reaction yield. Therefore, enough chloride ion source is needed for the 
dissociation of NH4Cl to HCl and NH3, converting the RE2O3 to a RECl3 through a simple acid-
base reaction and preventing the hydrolysis of the RECl3 already formed [9]. 
The second step was the decomposition of the (NH4)3RECl6 to RECl3. For rare earth 
cations, the reactions typically begin at approximately 385°C. For large rare earth cations (La-
Eu), intermediate compounds form, which further decompose around 425°C to form RECl3. The 
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decomposition equations are defined in Equations 3-7. Equation 1 is a net equation that can be 
used as a generalization for all REEs. 2 (𝑁𝑁𝑁𝑁4)3𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶6 = 2𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 2 (𝑁𝑁𝑁𝑁4)2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶5 (3) 
  2 (𝑁𝑁𝑁𝑁4)2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶5 = 4𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶3 (4) 
  
Heavy RE cations lead to intermediate compounds of NH4RE2Cl7 which further 
decompose to form RECl3: 2 (𝑁𝑁𝑁𝑁4)3𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶6 = 5𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 +  𝑁𝑁𝑁𝑁4𝑅𝑅𝑅𝑅2𝐶𝐶𝐶𝐶7 (5) 
  
𝑁𝑁𝑁𝑁4𝑅𝑅𝑅𝑅2𝐶𝐶𝐶𝐶7 = 𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶3 (6) 
  
(NH4)3RECl6 compounds with small RE cations decompose without forming an 
intermediate compound: (𝑁𝑁𝑁𝑁4)3𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶6 = 6𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶3 (7) 
  
Meyer et al.’s experimental procedure involved synthesis of (NH4)3YCl6 by boiling 50mL 
of hydrochloric acid with 1 mmole of Y2O3 for a few minutes. Six mmoles of NH4Cl were then 
added and the solution was slowly evaporated, taking special care to avoid splashing or 
subliming the NH4Cl. The remaining residue was transferred into a corundum boat and placed in 
a glass containment tube within a tube furnace. A slow stream of dried HCl was added as the 
temperature was slowly raised to about 200°C and held overnight. The product was a white, 
deliquescent (NH4)3YCl6 powder that should not be exposed to moist air [9]. 
The second step involves the decomposition of the (NH4)3YCl6. The powder was 
transferred to a platinum crucible under dry conditions. The crucible was placed in a glass tube 
that acts as a vacuum and was fused to a condenser and cooled. The temperature was slowly 
raised to 350-400°C while evacuating the atmosphere.  After a few hours, the (NH4)3YCl6 was 
completely decomposed to YCl3 [9].  
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Meyer et al.’s research revealed that ammonium chloride is an effective chloridizing 
agent that is capable of achieving up to 99.8% conversion. A molar ratio of NH4Cl:REO 2-2.5 
times greater than the stoichiometric was required for the chlorination reaction to proceed. It is 
suggested that the excess ammonium chloride is required to prevent the hydrolysis of the RECl 
reaction product. The author noted that, although the sublimation temperature of NH4Cl is 
340°C, almost no NH4Cl sublimed at the reaction temperature (180-360°C). Even after holding 
for 20 hours above the reaction temperature, there was little mass loss from ammonium chloride. 
Meyer stated that since RE2O3 and REOCl are very stable compounds, it seems 
thermodynamically unfavorable for RE2O3 to simply convert to RECl3. No further supporting 
data were provided. X-ray analysis was initiated to directly analyze the ammonium chloride 
reaction pathway [9].  
Gaede et al. investigated the chlorination of rare earth oxides with two chloridizing 
agents: ammonium chloride and HCl gas. Scoping experiments were conducted in a tube furnace 
using four arbitrarily chosen REOs and ammonium chloride. The variables were roasting 
temperature, time at temperature, and mole ratio of chloridizing agent to rare earth oxide in the 
furnace charge (NH4Cl:REO). Reagent grade REOs (99.9% purity) and ammonium chloride 
(99.5% purity) were blended at 18:1 and 24:1 mole ratios. Blended chemicals were placed in a 
mullite boat and then placed in the tube furnace, which was held at a predetermined temperature. 
High purity argon gas flowed through the tube furnace at 250mL/min. Before entering the tube 
furnace, the argon entered an O2 inline gas trap to remove any trace impurities of oxygen. If 
oxygen enters the reaction chamber, rare earth oxychlorides can form as undesirable reaction 
products. [7] [8]. 
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Following each experiment, the solid matter was recovered from the mullite boat and 
prepared for x-ray diffraction (XRD) analysis. XRD was used to analyze diffraction patterns to 
determine phases present and conversion efficiency of REO to RECl. After XRD analysis, the 
samples were leached in 18MΩ water for a minimum of 2 hours and then pressure filtered 
through a Whatman 1 filter paper. Leach solutions were sent to an external laboratory for 
Inductively Coupled Plasma (ICP) analysis of rare earth chlorides. Out of all the possible 
reaction products, only rare earth chlorides are soluble in water [7] [8].  
Results of Gaede’s scoping experiments indicated exceptional oxide to chloride 
conversion of neodymium, samarium, and holmium but ytterbium was least responsive. The 
experimental conversion parameters were optimized on the most recalcitrant rare earth oxide, 
Yb2O3 [7] [8].  
A three variable Response Surface matrix was created to examine the effects of varying 
roasting time, temperature, and mole ratio of NH4Cl:Yb2O3 on chlorination efficiency using 
Design Expert version 9.01 (StatEase Corporation). The results of the experimental matrix 
indicated that 85 to 96% conversion efficiency could be attained and that the undesirable 
oxychloride phase was avoidable [7] [8].  
Six confirmatory tests were designed to examine the validity of matrix results. In the 
confirmatory experiments, the variables were temperature (290°C and 330°C) and the 
NH4Cl:Yb2O3  mole ratio (12, 18 and 21). In each experiment, residence time at temperature was 
held constant for one hour. The roasting experiments were conducted using the same procedure 
as the scoping and design matrix experiments. Results of the confirmatory experiments indicated 
that the response surface model could be used to determine optimal parameters with a high 
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degree of confidence. The optimized parameters were used to evaluate other reagent grade rare 
earth oxides as well as rare earth bearing ores and concentrates [7] [8].  
Gaede et al. concluded that optimal parameters for rare earth oxide to chloride conversion 
was a time of one hour, a molar ratio of 21:1, and a temperature of 330°C. The overall 
conversion efficiencies were 92.2% in rare earth concentrate samples and 94.5% on rare earth 
bearing ores. Gaede noted that the chlorination roasting process was sufficiently robust and that 
the temperature and mole ratio parameters could vary over a significant range and still achieve 
greater than 90% conversion. Figure 5 is a contour plot illustrating the variability of parameters 
that yield greater than 95% oxide to chloride conversion. 
 
Figure 5: Contour plot of the chlorination roasting process indicating the variability of parameters while 
maintaining high oxide to chloride conversion efficiency [7] 
2.2. Carbochlorination 
Carbochlorination uses the addition of a reductant species of carbon or carbon monoxide 
to decrease the oxygen potential, thus favoring chloride formation. Gavaria et al. studied the 
17 
carbochlorination of yttrium oxide (Y2O3). In Gavaria et al.’s research, the carbochlorination 
reactions proceeded through a series of steps. Initially, yttrium oxychloride (YOCl) was formed. 
The YOCl was subsequently carbochlorinated at temperatures greater than 800°C to produce 
liquid yttrium chloride (YCl3). Thermogravimetric analysis (TGA) was used to analyze the effect 
of temperature and initial mass of the carbon. The objective of the study was to determine a 
temperature range and ideal stoichiometry that would influence the production of YCl3 [10]. 
Preliminary thermodynamic analyses were conducted to examine the influence of carbon 
on yttrium oxychloride formation. The Gibbs Free Energies of the chlorination reactions with 
and without carbon were graphed as a function of temperature for comparison. The resulting 
curves showed that the carbon addition lowered the overall standard Gibbs Free energy of the 
reaction; however, not enough to preferentially form YCl3 over YOCl. Figure 6 is a diagram of 
the Gibbs Free energy of the reactions as a function of temperature. The reactions involving 
carbon have lower free energies within the temperature range, but the energy required to form 
YCl3 is much greater than the energy required to form YOCl. The diagram also shows YOCl as 
the stable species across the temperature range [10]. 
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Figure 6: Standard Gibbs Free Energy of reaction vs. Temperature for Y2O3 –C-Cl2(g) system [10] 
 The phase stability diagram of the Y-O-Cl system at 600°C and 1000°C is presented in 
Figure 7. A stable YOCl phase exists between Y2O3 and YCl3, therefore, there is no equilibrium 
boundary between Y2O3 and YCl3 and YOCl is expected to form prior to YCl3. The experimental 
conditions employed by the authors are listed in Figure 7. Note that the operating point defined 
by the experimental conditions exists in the stable YOCl phase region at both temperatures. 
However, the YOCl phase field is smaller at 1000°C. It should also be noted that, regardless of 
the oxygen partial pressure, conversion of Y2O3 to YCl3 cannot be completed without first 
forming the YOCl intermediate phase. 
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Figure 7: Phase stability diagram of Y-O-Cl system at 600°C and 1000°C. Gavaria’s experimental conditions 
are indicated [10] 
TGA showed that the overall reaction of non-isothermal carbochlorination of Y2O3 
consists of several stages. To characterize the reaction products, carbochlorination was 
performed at temperatures ranging from 600°C to 1000°C and samples were taken throughout 
each experiment. The solid residues were analyzed by XRD. At temperatures below 600°C, the 
reaction consists of the carbochlorination of Y2O3 to produce YOCl. Above 625°C, additional 
reactions with Cl2(g) in the presence of carbon produce YCl3.  
𝑌𝑌2𝑂𝑂3 (𝑠𝑠) + 𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) → 2𝑌𝑌𝑂𝑂𝐶𝐶𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝑂𝑂(𝑔𝑔) (8) 
  
𝑌𝑌𝑂𝑂𝐶𝐶𝐶𝐶(𝑠𝑠) + 𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) → 𝑌𝑌𝐶𝐶𝐶𝐶3 (𝑙𝑙) +  𝐶𝐶𝑂𝑂(𝑔𝑔) (9) 
  
The chlorination steps are depicted in Figure 8. Text boxes indicate where the reaction 
products were sampled and the letter represents the phase(s) detected by XRD. At 850°C, when 
the reaction is near completion (indicated by the near horizontal line) YCl3 was the only reaction 
product detected by the XRD. 
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Figure 8: TGA plots of chlorination reactions and their products over time. Reaction products are indicated 
by letters – a: Y2O3 +YOCl ; b: YOCl; c:YOCl + YCl3; d: YCl3 [10] 
Above 700°C and a carbon content of 8.7%, the oxide was fully consumed and the final 
product of the carbochlorination was YCl3. At higher temperatures, TGA indicated mass loss, 
corresponding to the evaporation of the chloride. In conclusion, Gavaria et al. found that the 
carbochlorination reaction proceeds through a sequence of three reactions until YCl3 is formed. 
The three reactions depend on temperature and carbon content. Above 700°C, the final product 
of the carbochlorination was YCl3 [10]. 
Esquivel et al. studied the chlorination of cerium dioxide (CeO2)-carbon powder mixtures 
by thermogravimetry in an argon-chlorine gas atmosphere. Research analyzed the effects of 
temperature, total gas flow rate, sample mass and carbon content on the kinetics of CeCl3 
formation. Many of the experimental and analysis procedures, including XRD and TGA, were 
very similar to Gavaria’s research. The author noted that, although the direct chlorination of 
CeO2 is not thermodynamically favorable, chlorination of CeO2 is feasible in the presence of 
carbon. In the presence of carbon, the oxygen potential of the oxide is lowered so the formation 
of the chloride is favored [11]. The most thermodynamically favored reactions are:   
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23𝐶𝐶𝐶𝐶𝑂𝑂2(𝑠𝑠) + 43𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) = 23𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3(𝑙𝑙) + 43𝐶𝐶𝑂𝑂(𝑔𝑔) (10) 
  23𝐶𝐶𝐶𝐶𝑂𝑂2(𝑠𝑠) + 43𝐶𝐶(𝑠𝑠) + 𝐶𝐶𝐶𝐶2(𝑔𝑔) = 23𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3(𝑠𝑠) + 43𝐶𝐶𝑂𝑂(𝑔𝑔) (11) 
  
 Esquivel hypothesized that the addition of carbon would create a low oxygen potential 
atmosphere. Also, the carbochlorination reaction has higher negative standard Gibbs Free Energy 
than the direct chlorination reaction. The goal of the research was to use stoichiometry to shift 
the equilibrium to favor the products by continually removing the products through constant flow 
of argon gas. A comparative study was conducted to determine if the carbochlorination rate was 
influenced by direct chlorination above 800°C. The thermographs corresponding to the 
carbochlorination and direct chlorination of CeO2 at 950°C, 875°C, and 800°C are illustrated in 
Figure 9. The TG curves show that carbochlorination is much faster and is not influenced by 
direct chlorination [11]. 
 
Figure 9: (a) TG isotherms for carbochlorination of CeO2; (b) TG isotherms of direct chlorination of CeO2 
[11] 
At high temperature, the excess carbon increases the reaction rate. With sub-
stoichiometric carbon contents, the reaction will proceed until most of the carbon is consumed. 
Carbon consumption was quantified by analyzing isothermal chlorination of 3mg of carbon at 
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temperatures ranging from 600-950°C. The reaction products were analyzed using XRD. After 
the carbon is consumed, both the vaporization of the CeCl3 product and the chlorination of the 
remaining oxide are expected to occur. As temperature rises, the chloride undergoes a solid to 
liquid phase transformation and its vapor pressure becomes greater. Liquid CeCl3 was observed 
above 800°C and begins to vaporize above 850°C. Reaction kinetics revealed that an increased 
gas flow makes the chlorination reaction proceed more readily. The reaction’s products are also 
removed with an increased gas flow rate, favoring the forward reaction according to Le 
Chatelier’s principle [11]. 
Anderson et al. evaluated the conversion of cerium oxide and neodymium oxide to their 
respective chloride phases through a carbochlorination process. The parameters examined in 
their research were temperature, time, chlorine gas concentration, and carbon-to-rare earth oxide 
ratio. Chloride conversion efficiencies were determined by dissolving the soluble chloride in a 
water leach and leaving behind the insoluble oxide and oxychloride phases [12]. 
Preliminary thermodynamic analysis was performed using HSC Chemistry 5.1 software 
to determine the most favorable reactions. The most favorable carbochlorination reactions for the 
two rare earth oxides are as follows: 
 At temperatures less than 700°C: 
𝐶𝐶𝐶𝐶𝑂𝑂2 + 𝐶𝐶 + 1.5𝐶𝐶𝐶𝐶2 (𝑔𝑔) →  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 +  𝐶𝐶𝑂𝑂2 (𝑔𝑔) (12) 
  
𝑁𝑁𝑑𝑑2𝑂𝑂3 + 1.5𝐶𝐶 + 3𝐶𝐶𝐶𝐶2 (𝑔𝑔) →  2𝑁𝑁𝑑𝑑𝐶𝐶𝐶𝐶3 +  1.5𝐶𝐶𝑂𝑂2 (𝑔𝑔) (13) 
  
At temperatures greater than 700°C: 
𝐶𝐶𝐶𝐶𝑂𝑂2 + 2𝐶𝐶 + 1.5𝐶𝐶𝐶𝐶2 (𝑔𝑔) →  𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶3 +  2𝐶𝐶𝑂𝑂 (𝑔𝑔) (14) 
𝑁𝑁𝑑𝑑2𝑂𝑂3 + 3𝐶𝐶 + 3𝐶𝐶𝐶𝐶2 (𝑔𝑔) →  2𝑁𝑁𝑑𝑑𝐶𝐶𝐶𝐶3 + 3𝐶𝐶𝑂𝑂 (𝑔𝑔) (15) 
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At temperatures greater than 700°C, more carbon is required for the reaction because the 
carbon reacts to form CO(g) rather than CO2(g). 
Anderson et al. created phase stability diagrams to study the formation of the 
intermediate oxychloride phase for both carbochlorination systems. Figure 10 is the phase 
stability diagram for the Ce-O-Cl system and Figure 11 is the phase stability diagram for the Nd-
O-Cl system generated by HSC Chemistry 5.1. The boxes on the diagrams indicate a reasonable 
operating range for the study [12]. 
.
 
Figure 10: Phase Stability Diagram of the Ce-O-Cl System at a) 400°C and b) 750°C [12] 
24 
 
 
Figure 11: Phase Stability Diagram of the Nd-O-Cl System at a) 400°C and b) 750°C [12] 
The phase stability diagram of Ce-O-Cl in Figure 10 indicates that the intermediate 
oxychloride phase can be avoided at reasonable operating conditions. There is a phase boundary 
between the CeO2 and the CeCl3 phases; therefore, CeO2 can be directly converted to CeCl3 
without passing through an intermediate oxychloride phase. However, the phase stability 
diagram for the Nd-O-Cl system, illustrated in Figure 11, indicates that Nd2O3 must first react to 
form the intermediate NdOCl phase before NdCl3 will form at both reaction temperatures. It is 
evident that the undesirable oxychloride phase plays a bigger role in the Nd-O-Cl system than in 
the Ce-O-Cl system [12]. 
The authors’ objectives were to prove the feasibility of the reaction and optimize the 
process parameters. The experimental design consisted of three sections: generation of a rate 
curve to assess the reaction kinetics, the use of statistical modeling software (Stat-Ease Design-
Expert 8) to optimize material input, and phase identification through x-ray diffraction (XRD) 
analysis [12]. 
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The rate curves generated for cerium oxide and neodymium oxide are illustrated in 
Figure 12. Rate curves were generated using stoichiometric excess carbon and chlorine gas at a 
temperature of 750°C and a time of 1-6 hours. 
 
Figure 12: Generated rate curve for a) cerium oxide carbochlorination reaction and b) neodymium oxide 
carbochlorination reaction. [12] 
Steady conversion was achieved from 1 to 4 hours. At 4 hours, the conversion rate began 
to slow. The optimum time for both the carbochlorination of cerium oxide and neodymium oxide 
was determined to be 4 hours, because little conversion was gained for the 6-hour reaction time 
[12]. 
A three-factor, two-level full factorial experimental design matrix with three mid-points 
was generated using Stat-Ease Design-Expert 8 to evaluate the optimal parameters for the 
carbochlorination process. The reaction time was held constant at 4 hours, as determined by the 
rate curve. The other three variables, carbon to rare earth oxide (C:REO) ratio, temperature, and 
gas flow were studied at a high and low limit. The limits for each rare earth oxide are 
summarized in Table I [12]. 
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Table I: Carbochlorination factorial design matrix high and low limits for each rare earth oxide [12] 
 Cerium Oxide Carbochlorination Neodymium Oxide 
Carbochlorination 
Parameter Low 
Limit 
Mid-Point High 
Limit 
Low 
Limit 
Mid-Point High Limit 
C:CeO2 (g/g) 0.070 0.105 0.139 0.053 0.080 0.107 
Temperature (°C) 400 575 750 400 575 750 
Cl2 (L) 9.6 14.4 19.2 9.8 14.75 19.67 
Statistical analysis concluded that the higher limits were optimal for carbochlorination of 
both cerium oxide and neodymium oxide. Analysis of three-dimensional response surfaces 
showed that, at a temperature of 750°C, the reaction was dependent on both the amount of 
chlorine gas and carbon used. At 400°C, the response surface is fairly flat, indicating that both 
the amount of chlorine gas and carbon have little influence on the percent conversion [12]. 
XRD analysis was used to identify the phases present after the experiments, before and 
after the experimental products were leached in water. For cerium oxide carbochlorination, a 
small amount of cerium chloride was found in the sample prior to the water leach, but it was not 
observed in the after water leached sample. The XRD pattern for the after-leach sample indicated 
mostly cerium oxide as the main phase present and few peaks that possibly corresponded to the 
oxychloride phase. In all samples, the authors concluded that cerium chloride was successfully 
removed through water leach [12]. 
In the neodymium experiments, XRD patterns indicated the presence of the neodymium 
oxychloride phase prior to water leach. XRD revealed that the oxychloride phase became 
hydrated after the water leach. Neodymium chloride and neodymium oxychloride were present 
in the sample prior to water leach, however, only neodymium oxychloride remained after water 
leach, indicating efficient removal of the chloride [12]. 
For conversion gases at lower temperatures, intermediate gases such as phosgene 
(COCl2) and carbon tetrachloride (CCl4) are important. HSC Chemistry was used to generate 
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For conversion gases at lower temperatures, intermediate gases such as phosgene 
(COCl2) and carbon tetrachloride (CCl4) are important. HSC Chemistry was used to generate 
equilibrium plots for the carbochlorination process of both cerium and neodymium oxide with 
100% excess carbon and chlorine gas per Equations 11 and 12. The equilibrium plots are shown 
in Figure 13. 
 
Figure 13: Equilibrium composition plots for the carbochlorination process utilizing 100% carbon and 100% 
chlorine gas for a) the cerium oxide system and b) the neodymium oxide system [12] 
The equilibrium plots in Figure 13 indicate that phosgene and carbon tetrachloride are 
thermodynamically favored over chlorine at lower temperatures. 
 Anderson et al. successfully converted the studied rare earth oxides to the respective 
chlorides using the carbochlorination process. The optimal reaction time was determined to be 4 
hours from generated rate curves at 100% excess stoichiometric carbon and chlorine gas at 
750°C. Temperature was the most significant parameter in both carbochlorination reactions. An 
oxychloride phase was observed in both carbochlorination experiments; however, it was more 
prevalent in the neodymium oxide carbochlorination than in the cerium oxide carbochlorination 
[12]. 
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2.3. Chlorination and Volatilization 
Carter et al. studied continuous chlorination and volatilization in a semi-continuous 
reactor. Using ore and concentrate samples from the Bear Lodge property in Wyoming, roasting 
and volatilization experiments were conducted in a rotary calciner. The optimal chlorination 
parameters were determined to be a 60-minute chlorination roast at a temperature of 320°C, a 
mole ratio of 12:1 (NH4Cl:REO), and an argon flow rate of 600mL/min. Evaluated parameters 
yielded an extraction efficiency greater than 75 percent. Temperature was increased to 600°C to 
push the chlorinated rare earth elements into the vapor phase, transport them with the argon gas, 
and allow them to condense on the cool neck of the rotary calciner. The condensed species were 
sampled and analyzed by XRD. Major peaks in the XRD pattern indicated the presence of 
ammonium chloride. Carter et al. concluded that ammonium chloride was likely preferentially 
volatilized, reformed, and collected and that very little of the rare earth chlorides were vaporized 
under the conditions of the study [13]. 
Bell et al. examined the vapor phase removal of samarium and neodymium oxide from 
light water nuclear reactor (LWR) fuel. Utilizing HSC Chemistry 7.0, Gibbs Free Energy of the 
chlorination and carbochlorination of rare earth oxides were examined using ammonium 
chloride, hydrogen chloride, and chlorine gas as potential chlorinating agents. Thermodynamic 
analysis revealed an optimum chlorination temperature of 318°C using ammonium chloride as 
the chlorinating agent. Bell noted the Gibb’s Free Energy of the reaction using ammonium 
chloride became more negative with the addition of carbon; however, the presence of carbon did 
not aid in rare earth removal from the LWR fuel and could be detrimental for the fuel recycling 
process [14]. 
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Bell et al. observed that the highest removal of samarium oxide and neodymium oxide 
was achieved using ammonium chloride as the chlorinating agent. Removal efficiency increased 
with increased Cl:REO ratios (12:1 to 36:1), longer chlorination times at 318°C (30 to 60 
minutes), longer vaporization times at 1000°C and an argon gas flow rate of 600mL/min. The 
highest mass percent removal of 92% was observed under an argon flow rate of 800mL/min, an 
HCl injection rate of 20mL/hr and a temperature of 1000°C. The removal of rare earth elements 
in an HCl/argon atmosphere was further increased (up to 46%) with the addition of potassium 
carbonate as a transporting agent. Rare earth oxychlorides were observed in the non-volatile 
matter [14]. 
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2.4. Volatilization of Rare Earth Chlorides 
Murase authored and co-authored several published papers using a custom chemical 
vapor transport (CVT) apparatus [15] [16] [17] [18] [19]. In Murase et al.’s research, two 
furnaces were used with one tube extending through the length of the two furnaces. In the first 
furnace, gas phases of aluminum trichloride (AlCl3), nitrogen, and chlorine were generated.  The 
generated gas phases were introduced to the second furnace as transporting agents and 
chlorinating agents. The second furnace was divided into several separate heating zones that 
were independently controlled by thermoregulators to allow for numerous temperature gradients. 
Figure 14 shows a schematic of the furnace apparatus used in Murase’s experiments.
 
Figure 14: Chemical vapor transport apparatus used for vaporization experiments [17] 
A silica tube was used as the reactor. To avoid reaction with the Al2Cl3 vapor with the 
silica tube, 13 pieces of alumina tubing were lined side by side along the inner wall of the 
reactor. Condensed species that were transported along the temperature gradient were recovered 
by recovering the alumina tube sections [16]. 
Furnace A was heated over a temperature range of 80°C to 200°C at 20°C/hr to vaporize 
the AlCl3. In furnace B, an alumina boat containing a raw mixture of rare earth chloride and 
activated carbon was placed in zone one of the furnace. Zone two of furnace B was comprised of 
the small tube segments. The raw mixture was heated to 1000°C. Rare earth chlorides reacted to 
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form vapor complexes with the nascent Al2Cl6 gas from the first furnace. By removing the 
alumina tube sections and leaching the condensate from them individually in deionized water, 
the condensed species were collected. The composition of the condensed REEs was determined 
by a double-beam absorption spectrophotometer, X-ray fluorescent spectrometer, and an 
inductively coupled argon plasma emission spectrophotometer [16]. 
Multiple experiments were conducted with various rare earth chloride and transporting 
agents. A greater degree of separation was achieved when a stepped temperature gradient was 
used rather than a linear temperature gradient. The stepped temperature gradient allows for a 
broader condensation zone at the same temperature to allow for a larger area for condensation. 
Graphs of the temperature profiles of the furnaces are depicted in Figure 15.
 
Figure 15: Temperature profiles of Murase’s furnace showing a linear temperature gradient (left) and a 
stepped temperature gradient (right) [15] 
Murase et al. found that the greatest separation of rare earth chlorides occurred with equal 
weight percentages of GdCl3, PrCl3, and ErCl3. The deposition profiles of the individual 
transported chlorides are displayed in Figure 16. Maximum peaks are well separated, indicating 
effective mutual separation characteristics of the rare earth chlorides. It was determined that 
maximum overall separation efficiency could be achieved by controlling the temperature profile 
of the furnace [15]. 
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Figure 16: Distribution of three rare earth chloride depositions in alumina pieces inside furnace B, indicating 
efficient separation [15] 
Murase et al. applied the chemical vapor transport process to concentrates and crude 
oxides. Rare earth concentrates of monazite and xenotime were used as raw materials as well as 
crude oxides originating from monazite, bastnasite, and ionic ores. Concentrates of monazite and 
xenotime contain rare earths as orthophosophates. Chlorine gas was used to chlorinate the 
concentrates and crude oxides at 1000°C. Heavier rare earth chlorides, in general, were more 
readily transported, concentrated, and deposited at a temperature between 600-700°C, and lighter 
rare earth chlorides were concentrated in higher temperature fractions at 800-900°C. After 82 
hours, individual rare earths yields were reported to increase with increasing atomic number or 
decreasing ionic radius [15]. 
The rare earth raw material was mixed with a small amount of activated carbon and 
potassium carbonate (K2CO3). Potassium chloride (KCl) and AlCl3 were used as complex 
formers in the nitrogen purged (30mL/min) quartz reactor. Once the desired temperature gradient 
was attained, chlorine gas was introduced to the system at a rate of 5mL/min. The gas mixture 
was used to chlorinate the ore and as a vapor transporting agent. Within one to three hours, the 
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ore was completely chlorinated at 1000°C. Condensates recovered from the inner alumina tube 
sections and the residual mixture in the boat were leached in dilute hydrochloric acid and 
analyzed using an X-ray fluorescent spectrometer and an ICP-atomic emission spectrometer. 
Figure 17 shows the compositions of the rare earth chlorides recovered from zones 1-5 in 
furnace B. Temperatures in zones 1-5 ranged from 990-830°C. Within this temperature region, 
chlorides of La, Ce, Pr, Nd, and Y were deposited in that order from higher temperatures (zone 
1; 990-970°C) to lower temperatures (zone 5;870-830°C). Murase relates the order of 
condensation to the respective chlorides with the order of ionic radius, i.e. vapor complexes with 
smaller ionic radius are more stable than those with larger ones and therefore, prefer to condense 
in the lower temperature region [16]. 
 
Figure 17: ReCl condensate distribution from monazite ore a) crude oxides b) concentrate [16] 
Murase et al. concluded that the CVT reaction can be successfully completed using rare 
earth concentrate or crude oxides as raw materials. 
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2.5. Bromination 
Ruffier et al. examined the bromination of rare earth oxides using ammonium bromide as 
the halogenation agent. Thermodynamic analysis was conducted using HSC Chemistry 7.0 to 
determine the possible reaction products of roasting holmium oxide, samarium oxide, 
neodymium oxide, and ytterbium oxide in the presence of ammonium bromide [20].  
A series of scoping experiments were conducted on the four arbitrarily chosen rare earth 
oxides: Ho2O3, Nd2O3, Sm2O3, and Yb2O3. Scoping experiments were performed in a small tube 
furnace at 400°C varying time and molar ratio of ammonium bromide to rare earth oxide 
(NH4Br:REO). Reaction products were analyzed by XRD analysis. Experimental parameters and 
corresponding XRD results are summarized in Table II [20]. 
Table II: Scoping experiment conversion efficiencies [20] 
 RE Oxide to Bromide Conversion Efficiency 
Mole Ratio NH4Br:REO = 18:1 NH4Br:REO = 24:1 
Time, h 1 2 2 4 
Precursor:     
Nd2O3 100% 100% 100% 100% 
Sm2O3 100% 100% 100% 100% 
Ho2O3 100% 100% 100% 100% 
Yb2O3 41% 58% NA 100% 
X-ray diffraction analysis revealed that ytterbium oxide yielded the lowest conversion 
efficiency. An experimental matrix was established using Design Expert 9.0 (Stat Ease Corp.) to 
optimize parameters for maximum conversion of ytterbium oxide to ytterbium bromide. The 
matrix consisted of 20 experiments and the variables were temperature (150-400°C), molar ratios 
of NH4Br:REO (6-24), and residence time (1-4 hours) [20].  
Optimization experiments were conducted and the products were analyzed via XRD. 
Conversion efficiencies, as determined from the XRD data, were entered into the experimental 
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matrix to create a statistically valid model. From the model, four points within the 90%-plus 
conversion area were chosen for confirmatory experiments. An additional point was selected that 
yielded less than 90% conversion. A portion of the product was leached in 50mL of water and 
analyzed using ICP analysis. The percent conversion for the five confirmatory experiments were 
plotted on a contour plot and a 3D response surface model, illustrated in Figure 18 and Figure 
19, respectively [20]. In Figure 19, it is evident that the five confirmatory data points lie on the 
response surface, thus establishing that the reproducibility of the high-yield bromination when 
the samples are processed within the optimum temperature, time, and molar ratio ranges. 
 
Figure 18: Response surface contour plot illustrating bromination conversion efficiency as a function of 
temperature and molar ratio at a time of 4 hours. Five superimposed points represent conditions selected for 
confirmatory experiments [20] 
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Figure 19: 3-dimensional response surface diagram illustrating bromination conversion efficiencies as a 
function of temperature and molar ratio at a time of 4 hours. The superimposed points represent the results 
of the confirmatory experiments [20] 
Ruffier et al. concluded that bromination of ytterbium oxide could be achieved with a 
high level of confidence in the presence of ammonium bromide with a molar ratio of 24:1 
(NH4Br:REO) for four hours at a temperature of 350°C. The optimized parameters yielded a 
conversion efficiency greater than 90% [20]. 
Meyer et al. examined the anhydrous route to rare earth bromides. Analogous to 
chlorination, bromination is a two-step procedure. First, complex bromides are formed according 
to Equations 16 and 17 at approximately 280°C: 
10ܰܪସܤݎ ൅ ܴ݁ଶܱଷ ൌ 	2ሺܰܪସሻଷܴ݁ܤݎହ ൅ 6ܰܪଷ ൅ 3ܪଶܱ (16) 
 
12ܰܪସܤݎ ൅ ܴ݁ଶܱଷ ൌ 	2ሺܰܪସሻଷܴ݁ܤݎ଺ ൅ 6ܰܪଷ ൅ 3ܪଶܱ (17) 
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A disadvantage of the dry route to anhydrous rare earth bromides is the competing 
oxybromide formation reaction. Oxybromide forms at nearly the same temperature as Equations 
16 and 17 if insufficient molar ratios of ammonium bromide to rare earth oxide exist. 
ଶܻܱଷ ൅ 2ܰܪସܤݎ ൌ 	2ܻܱܤݎ ൅ 2ܰܪଷ ൅ ܪଶܱ (18) 
 
The second step of anhydrous rare earth bromide preparation is the decomposition step, 
stated in Equations 19 and 20. Previously synthesized bromide is heated in a platinum or 
porcelain crucible to 350-400°C in a vacuum. Usually, a few hours are sufficient for complete 
bromide decomposition. 
2ܰܪସܴ݁ܤݎହ ൌ 	2ܰܪସܤݎ ൅ ܴ݁ܤݎଷ (19) 
 
2ܰܪସܴ݁ܤݎ଺ ൌ 	3ܰܪସܤݎ ൅ ܴ݁ܤݎଷ	 (20) 
 
Analysis by X-ray Guinier patterns show that only bromides with M= La to Pr on the periodic 
table decompose according to Equation 19. Bromides with M= Y, Ho to Lu, and Sc on the 
periodic table follow Equation 20. Figure 20 summarizes the decomposition pathways of select 
rare earth bromides. 
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Figure 20: Decomposition pathways of ternary bromides (NH4)2MBr5 and (NH4)2MBr6 to tribromides MBr3. 
Temperatures were obtained from temperature-controlled Guinier patterns [21] 
The final products, rare earth tribromides, were obtained as finely divided patterns that 
showed broad X-ray lines. The x-ray patterns were recorded and typically showed no extra lines. 
Samples were soluble in water but released trihydroxides when no acid was added. Products 
served as starting materials for subsequent syntheses in reduction reactions to produce divalent 
or even more reduced rare earth bromides [21]. 
Holsa et al. studied and compared the reactions of yttrium, lanthanum, gadolinium and 
lutetium oxides with ammonium bromide, and the reactions of yttrium oxide with different 
ammonium halides. According to previous studies, the reaction of rare earth oxides with 
ammonium halides to produce a rare earth halide have proven to be the most promising. The 
reaction proceeds in two stages. First, an ammonium complex of RE trihalide is formed 
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according to Equation 21. In Equations 21 and 22, X refers to the halogenation agent being used 
(Cl, Br, F, or I). 
𝑅𝑅𝑅𝑅2𝑂𝑂3 + 6𝑁𝑁𝑁𝑁4𝑋𝑋 = 2𝑅𝑅𝑅𝑅𝑋𝑋3 · 3𝑁𝑁𝑁𝑁3 + 3𝑁𝑁2𝑂𝑂 (21) 
  
Next, the ammonium complex reacts with excess oxide to form an oxyhalide. 
𝑅𝑅𝑅𝑅𝑋𝑋3 · 3𝑁𝑁𝑁𝑁3 + 𝑅𝑅𝑅𝑅2𝑂𝑂3 =  𝑅𝑅𝑅𝑅𝑂𝑂𝑋𝑋 + 3𝑁𝑁𝑁𝑁3 (22) 
  
 High purity rare earth oxides (99%+) and analytical grade halides were used in analysis. 
Stoichiometric mixtures of rare earth oxides and ammonium halides were heated at 5°C/min in 
an N2 atmosphere. TGA, DTG, DTA and T curves were simultaneously recorded. Covered 
platinum crucibles were used for yttrium oxide and ammonium halide mixtures. Labyrinth 
crucibles were used for the REO and ammonium bromide mixtures, to prevent vaporization of 
the ammonium bromide. In the DTA measurements, α-Al2O3 was used as a reference material.  
 Figure 21 presents the TGA (TG in Figure 21Figure 26) curves for the reactions of 
yttrium, lanthanum, gadolinium, and lutetium oxide with ammonium bromide at different 
temperatures. Most reactions proceed in three stages. The first stage can be identified by 
Equation 21, which is accompanied by the loss of water from the reaction mixture. The 
following two stages involve the release of ammonia, suggesting that the reaction in Equation 22 
takes place in two stages. Figure 22 shows the TGA, DTG, and DTA curves for the reaction of 
lutetium oxide with ammonium bromide. 
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Figure 21: TGA Curves for the reactions of Y2O3, La2O3, Gd2O3, and Lu2O3 with ammonium bromide [22] 
 
Figure 22: TGA, DTG, and DTA curves for the reaction of lutetium oxide with ammonium bromide [22] 
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 Table III summarizes the reaction temperatures for the reactions of REOs (Y, La, Gd, and 
Lu) with ammonium bromide. Reaction (1) and Reaction (2) refer to the reactions in Equations 
21 and 22. 
Table III: Reaction temperatures for the reactions of RE oxides with ammonium bromide [22] 
 
The rise in reaction temperatures within the same reaction suggests that the formation of 
oxybromides become more difficult as ionic radius of RE ion decreases. Lanthanum has a higher 
stability of the ammonium complex compared to the other rare earth elements evaluated, which 
causes the temperature range to extend to 250°C [22]. 
2.6. Halogenation of Yttrium Oxide 
Figure 22 through Figure 26 illustrate the TGA, DTG, and DTA curves for the reactions 
of yttrium oxide with ammonium fluoride, chloride, bromide, and iodide as evaluated by Holsa 
and Niinisto. The reactions take place in three separate stages with the exception of Y2O3 + 
2NH4I. The reactions of yttrium oxide with ammonium chloride and bromide proceed similar to 
that of other REOs with ammonium bromide. Reaction of a REO with ammonium fluoride 
proceeds in three steps. The first step is the decomposition of NH4F (Equation 23). The reaction 
then follows in the same way as bromides and chlorides according to Equations 21 and 22.  2𝑁𝑁𝑁𝑁4𝐹𝐹 = 𝑁𝑁𝑁𝑁4𝐹𝐹 · 𝑁𝑁𝐹𝐹 + 𝑁𝑁𝑁𝑁3 (23) 
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 The reaction of yttrium oxide with ammonium iodide proceeds in one vigorous step and the YOI 
formed almost immediately decomposes. All reactions are exothermic. Table IV summarizes the 
reaction temperatures of yttrium oxide with ammonium halides. 
 
Figure 23: TGA, DTG, and DTA curves for the reaction of yttrium oxide with ammonium fluoride [22] 
 
Figure 24: TGA, DTG, and DTA curves for the reaction of yttrium oxide with ammonium chloride [22] 
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Figure 25: TGA, DTG, and DTA curves for the reaction of yttrium oxide with ammonium bromide [22] 
 
Figure 26: TGA, DTG, and DTA curves for the reaction of yttrium oxide with ammonium iodide [22] 
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Table IV: Reaction temperatures for the reactions of yttrium oxide with ammonium halides [22] 
 
 Holsa at al. concluded that the reaction temperatures within the same region can be 
explained by the reactivity of the halides. In the YOF-YOI series, the formation of yttrium 
oxyhalide seems to become more difficult [22]. 
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 Theory 
3.1. Halogenation of Rare Earth Oxides 
Rare earth elements exist in the earth’s crust as oxides, carbonates, or phosphates. In 
order to recover rare earth elements from the earth, they must first be converted to a halide. Rare 
earth halides are soluble in water, which renders them extractable by hydrometallurgical 
processes. To convert a rare earth oxide to a rare earth halide, a halogenating agent and thermal 
energy, in the form of heat, are necessary.   
 Chlorination of Rare Earth Oxides 
To produce an anhydrous rare earth chloride, ammonium chloride (NH4Cl) was used as 
the chlorinating agent in a two-step reaction (for most rare earths, except Ho and Pm). The rare 
earth oxide reacts with the ammonium chloride to first form a rare earth oxychloride (REOCl). 
The REOCl further reacts with the remaining NH4Cl to form RECl according to the following 
equations: 
𝑅𝑅𝑅𝑅2𝑂𝑂3(𝑠𝑠) +  6𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶(𝑠𝑠) →  2𝑅𝑅𝑅𝑅𝑂𝑂𝐶𝐶𝐶𝐶3(𝑠𝑠) + 2𝑁𝑁𝑁𝑁3(𝑔𝑔) +  𝑁𝑁2𝑂𝑂(𝑔𝑔) (24) 
  
𝑅𝑅𝑅𝑅𝑂𝑂𝐶𝐶𝐶𝐶(𝑠𝑠) + 2𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶(𝑠𝑠) →  2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶3(𝑠𝑠) +  2𝑁𝑁𝑁𝑁4(𝑔𝑔) +  𝑁𝑁2𝑂𝑂(𝑔𝑔) (25) 
  
𝑅𝑅𝑅𝑅2𝑂𝑂3(𝑠𝑠) + 6𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶(𝑠𝑠) →  2𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶3(𝑠𝑠) + 6𝑁𝑁𝑁𝑁3(𝑔𝑔) +  3𝑁𝑁2𝑂𝑂(𝑔𝑔) (26) 
  
 Under some instances, the rare earth oxychloride is stable and the reaction in Equation 26 
will not proceed to form the rare earth chloride.  
 Bromination of Rare Earth Chlorides 
Analogous to chlorination, bromination is accomplished using ammonium bromide 
(NH4Br) as the brominating agent. The rare earth oxide reacts with the ammonium bromide to 
form a rare earth bromide following the reaction: 
𝑅𝑅𝑅𝑅2𝑂𝑂3(𝑠𝑠) + 6𝑁𝑁𝑁𝑁4𝐵𝐵𝐵𝐵(𝑠𝑠) →  2𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵3(𝑠𝑠) + 6𝑁𝑁𝑁𝑁3(𝑔𝑔) +  3𝑁𝑁2𝑂𝑂(𝑔𝑔) (27) 
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 Limited thermodynamic data exists on the formation of rare earth oxybromides. 
 Thermodynamic Analysis 
Thermodynamics can be used to calculate energy balances, establish quantative 
relationships between variables that describe systems in equilibrium, and to understand and 
predict material behavior. Thermodynamic analysis is used to determine the maximum amount 
of heat that can be obtained from a process with minimum work and/or the heat required to drive 
a process. The maximum theoretical yield of a process can be determined by thermodynamics as 
well as evaluating the effect of imposing non-equilibrium conditions on a system. Finally, 
thermodynamics can be used to determine the reaction spontaneity, or whether it is possible for a 
reaction to proceed.  
Gibbs free energy, G, is the maximum amount of energy that can be converted into 
mechanical work. When a chemical reaction occurs, it tries to satisfy two things: the 
minimization of energy and the maximization of entropy. Entropy can be used to predict whether 
a reaction would occur spontaneously, but entropy changes in both the system and the 
surroundings must be considered. Free energy can be used to predict whether a reaction will 
occur spontaneously by considering only the system’s conditions. Free energy can be calculated 
using Equation 28; where G is free energy, S is entropy, H is enthalpy, and T is temperature in 
Kelvin [23]. 
∆𝐺𝐺𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 = ∆𝑁𝑁𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 − 𝑇𝑇∆𝑆𝑆𝑜𝑜𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 (28) 
  
 If all products and reactants are in their standard states, ∆GR is equal to ∆GR°. From the 
calculated value of G, the potential for the reaction to occur can be determined. The possible 
results are summarized in Table V.  
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Table V: Potential for a reaction to occur based on calculated Gibbs Free Energy 
Gibbs Free Energy 
∆GR < 0 (negative value) Reaction is thermodynamically spontaneous  
∆GR = 0 Reaction is in equilibrium 
∆GR > 0 (positive value) Reaction will not occur 
 HSC Chemisty 7.0 (Outotec) [24] software models multiple reactions with the same set 
of species within a system. HSC uses a free energy minimization algorithm that calculates and 
compares the free energies for multiple chemical reactions in a series of iterations to determine 
the suite of stable species at equilibrium. When comparing the energies of a set of reactions with 
the same species, the reactions with the lower energies will occur preferentially. Figure 27 and 
Figure 28 illustrate output of the thermodynamic models in the form of equilibrium composition 
diagrams, generated using the HSC 7.0 software, of REO conversion to RECl and REBr as a 
function of temperature. 
 
Figure 27: HSC diagram of Nd2O3, Sm2O3, Ho2O3, and Yb2O3 chlorination using NH4Cl as the chlorinating 
agent 
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Figure 28: HSC diagram of Nd2O3, Sm2O3, Ho2O3, and Yb2O3 bromination using NH4Br as the brominating 
agent 
 
 The standard Gibbs Free Energy of reaction, ∆G°R, relates to the equilibrium constant, K, 
for a given reaction. The van’t Hoff reaction isotherm, Equation 29, below, defines the 
relationship between the free energy of reaction and the equilibrium constant.  
∆𝐺𝐺𝑅𝑅 = ∆𝐺𝐺𝑅𝑅𝑜𝑜 + 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅 (29) 
  
 In Equation 29, ∆GRo, is the standard Gibb free energy of reaction at equilibrium, and Q 
is the reaction activity quotient. Q is the product of the activities of the reaction products divided 
by the product of the activities of the reactants with each activity in Q having an exponent that 
equates to the number of moles of the corresponding species in the balanced chemical reaction. 
For the reaction in Equation 26, the reaction quotient is: 
𝑅𝑅 = 𝑎𝑎𝑅𝑅𝑅𝑅𝑅𝑅𝑙𝑙2𝑃𝑃𝑁𝑁𝑁𝑁36𝑃𝑃𝑁𝑁2𝑂𝑂3
𝑎𝑎𝑅𝑅𝑅𝑅2𝑂𝑂3𝑎𝑎𝑁𝑁𝑁𝑁4𝑅𝑅𝑙𝑙6
 (30) 
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∆𝐺𝐺𝑅𝑅 = ∆𝐺𝐺𝑅𝑅𝑜𝑜 + 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 (31) 
  
At equilibrium: 0 = ∆𝐺𝐺𝑅𝑅𝑜𝑜 + 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 (32) 
  
∆𝐺𝐺𝑅𝑅
𝑜𝑜 = −𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅𝑠𝑠𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑠𝑠 (33) 
  
At equilibrium, Q equals the equilibrium constant K, therefore, Equation 33 becomes: 
∆𝐺𝐺𝑅𝑅
𝑜𝑜 = −𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅 (34) 
  
Referencing the original van’t Hoff reaction isotherm: 
∆𝐺𝐺𝑅𝑅 = ∆𝐺𝐺𝑅𝑅𝑜𝑜 + 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅 (35) 
  
∆𝐺𝐺𝑅𝑅 = −𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅 + 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅𝑅𝑅 (36) 
  
∆𝐺𝐺𝑅𝑅 = 𝑅𝑅𝑇𝑇𝐶𝐶𝑅𝑅 �𝑅𝑅𝑅𝑅� (37) 
  
Equation 37 can be used to identify conditions that provide a thermodynamic driving force to 
either promote or prevent a reaction. The reaction predictions, based on the relationship between 
Q and K, are displayed in Table VI. 
Table VI: Relationships between Q and K and how they influence a reaction 
Q < K (i.e. Q/K < 1) ∆GR is negative, so the reaction is theoretically spontaneous 
Q = K Reaction is at equilibrium 
Q > K (i.e. Q/K > 1) ∆GR is positive, so the reaction will not occur 
 Utilizing the relationship between Q and K, the equilibrium yield of a reaction can be 
improved by increasing the numbers of moles of reactants or by removing the reaction products 
continuously. Referring to Equation 26, the mole ratios of NH4Cl to Re2O3 exceed the 
stoichiometric requirement. While the reaction is occurring in the tube furnace, products are 
continually removed by a constant flow of purge gas. The excess stoichiometric ratios and the 
removal of reaction products substantially reduces the value of Q, providing a strong 
thermodynamic driving force that favors RECl production according to Le Chatelier’s principle.  
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3.1.3.1. Chloride Phase Stability Diagrams 
Phase stability diagrams are constructed to illustrate the predominant stable species in a 
system under isothermal and isobaric conditions. Stability diagrams are based on thermodynamic 
equilibrium calculations and do not account for potential kinetic impediments. Proper 
interpretation of phase stability diagrams can determine whether process conditions can be 
adjusted to produce a desirable product or avoid an undesirable product, such as REOCl. 
REOCls are unwanted because they are extremely stable, insoluble in water, and non-volatile, 
making them difficult to recover using hydrometallurgy. To generate a phase stability diagram, 
the stable condensed species and possible gaseous species must first be determined under the 
conditions of interest. A series of chemical equations is then used to construct the diagram. The 
diagrams are based on the Gibbs free energy for each reaction. Figure 29 illustrates the phase 
stability diagram for the Dy-O-Cl system at 330°C and 1 atm total pressure. 
 
Figure 29: Phase stability diagram for the Dy-O-Cl system at 330°C and 1atm total pressure. 
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The diagram in Figure 29 shows that an intermediate oxychloride phase must first be 
formed in order to convert Dy2O3 to DyCl3. Process conditions cannot be changed to avoid the 
formation of dysprosium oxychloride, however, if Dy2O3 is exposed to process conditions that 
favor DyCl3 formation, the amount of DyOCl at any given time will be minimized. The amount 
of oxychloride present in the product, if any, is dependent on reaction rate and mass transport 
considerations. 
For some rare earth oxides, the intermediate oxychloride phase can be avoided by 
adjusting the partial pressures of O2 and Cl2. Figure 30 depicts the Eu-O-Cl system at 330°C. 
 
Figure 30: Phase stability diagram for the Eu-O-Cl system at 330°C and 1atm total pressure. 
Unlike dysprosium oxide, when the oxygen partial pressure is lowered, the europium 
system first forms an intermediate europium (II) chloride phase before further reacting to form 
europium (III) chloride. Under certain process conditions, europium oxide will form europium 
oxychloride before further reacting to form europium chloride. Table VII provides a summary of 
the rare earth elements and whether the oxychloride phase can be avoided when their respective 
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oxides are converted to chlorides based on the predominance area diagrams at 330°C. A 
compilation of all rare earth chloride diagrams is provided in Appendix A. 
Table VII: Summary of presence and ability of rare earth elements to form REOCl phase based on 
predominance area diagrams at 330°C 
Rare Earth 
Classification 
Rare Earth 
Element 
Presence of an 
oxychloride phase? 
Can oxychloride phase 
be avoided? 
Heavy 
Tb Yes No 
Dy Yes No 
Ho No Yes 
Er Yes No 
Tm Yes No 
Yb Yes No 
Lu Yes No 
Y Yes No 
Sc No thermodynamic data for ScOCl 
Light 
La Yes No 
Ce Yes Yes 
Pr Yes No 
Nd Yes No 
Pm No Yes 
Sm Yes No 
Eu Yes Yes 
Gd Yes No 
At 330°C, europium and cerium are the only REEs that the process parameters can be 
adjusted to entirely avoid passing through the REOCl stability region. Holmium and promethium 
are the only REEs that do not first form an oxychloride before forming the rare earth chloride at 
the optimal chlorination temperature of 330°C. All other REEs must first form their oxychloride 
phase before further reacting to form their respective chloride. Again, the amount of oxychloride 
present in the product, if any, is dependent on reaction rate and mass transport considerations. 
3.2. Vaporization of Rare Earth Halides 
Once the rare earths elements have been converted to their respective halides, it is 
necessary to selectively separate and isolate each individual REE. As discussed previously, 
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current separation methods involve a series of multiple hydrometallurgical steps and solvent 
extraction stages, which can be expensive. By exploiting differences in rare earth halide vapor 
pressure, it should be possible to selectively vaporize and condense certain rare earth halides at 
their characteristic temperatures. HSC Chemistry 7.0 was used to evaluate the vapor pressures of 
select rare earth chlorides and bromides and determine a temperature range in which 
vaporization would be expected to occur in an argon gas atmosphere. The vaporization plots are 
illustrated in Figure 31 and Figure 32. To facilitate comparison of the vapor species, the 
corresponding solid chloride curves were omitted from the diagram. 
 ReCl Vaporization Analysis 
 
Figure 31: Vaporization curves for select rare earth chlorides in an argon atmosphere of 10,000 kmol 
Figure 31 illustrates the potential for rare earth chloride separation based on differences 
in vapor pressure. The curves in Figure 31 can be used to identify practical temperature ranges 
over which vaporization is anticipated to occur for each selected rare earth chloride. For 
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example, it would be expected that dysprosium chloride (DyCl3) would begin to vaporize at 
approximately 665°C and be completely sublimed at 825°C. Therefore, 825°C would be the 
approximate temperature at which vaporization of DyCl3 would occur. Dysprosium chloride 
vaporization occurs over the lowest temperature range (i.e. it is the most volatile) of all the 
RECls and europium chloride occurs over the highest temperature range. Dysprosium chloride is 
expected to completely vaporize well before europium chloride begins to vaporize, providing the 
basis for selective separation of the two chlorides. Below 1200°C, it is expected that dysprosium 
chloride will completely vaporize and no europium chloride will vaporize. Some of the curves, 
such as DyCl3 and ErCl3, fall very close together, eliminating the potential for selective 
separation.  The steep slopes of the vaporization curves are beneficial because they provide a 
narrower temperature range for separation.  
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 REBr Vaporization Analysis 
 
Figure 32: Vaporization curves for select rare earth bromides in an argon atmosphere of 10,000 kmol 
Figure 32 illustrates the potential for rare earth bromide separation based on differences 
in vapor pressure. Again, the diagram can be used to evaluate the temperature ranges where 
volatilization of rare earth bromides are expected to occur. Compared to rare earth chlorides, the 
differences between many of the rare earth bromide vapor pressure curves is greater. Due to the 
greater difference in REBr vapor pressure, the selectivity and separation may be greater than that 
of chlorides. For example, if terbium bromide (TbBr3), neodymium bromide (NdBr3) and 
europium bromide (EuBr3) were to be selectively separated, it is predicted that in an argon 
atmosphere at a temperature of 900°C, EuBr3 would not vaporize, and NdBr3 and TbBr3 would 
vaporize. Utilizing the differences in vapor pressures, it is expected that rare earth bromides can 
be selectively vaporized and condensed at their respective condensation temperature (i.e. a 
temperature below where they are predicted to be in the vapor phase).  
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For both the chloride and bromide systems, several of the vaporization curves fall close 
together or overlap. In this instance, the potential for selective separation is annulled for the 
chlorides or bromides involved. 
Figure 31 and Figure 32 were generated using an initial atmosphere of 10,000 kmol of 
argon. As the amount of argon is decreased, the range of temperatures in which vaporization is 
expected to occur for each rare earth halide becomes higher. HSC diagrams generated with lower 
amounts of argon are attached in Appendix A. Table VIII summarizes the approximate 
temperatures in which vaporization is anticipated to occur in an argon atmosphere as predicted 
by Figure 31 and Figure 32. 
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Table VIII: Estimated range of temperatures that vaporization is expected to occur as predicted by Figure 31 
and Figure 32 
Species Compound Temperature Range (°C) 
Chlorides 
CeCl3 775-1060 
DyCl3 665-825 
ErCl3 665-880 
EuCl2 1210-1800+ 
EuCl3 1250-1800+ 
GdCl3 775-1020 
HoCl3 775-1020 
LuCl3 725-880 
NdCl3 775-1030 
PrCl3 775-1060 
TbCl3 725-1020 
TmCl3 680-960 
YbCl3 860-1210 
Bromides 
CeBr3 715-1035 
DyBr3 700-1050 
ErBr3 540-665 
EuBr2 925-1200+ 
GdBr3 690-925 
HoBr3 685-885 
NdBr3 675-940 
PrBr3 725-985 
TbBr3 525-715 
TmBr3 530-665 
 Equilibrium Diagrams 
Using HSC Chemistry 7.0, equilibrium composition diagrams were constructed to 
determine the stable species and the conditions necessary to achieve vapor phase extraction for 
each of the rare earth chlorides and bromides. HSC uses a Gibbs free energy minimization 
algorithm that simultaneously performs equilibrium yield calculations for multiple reactions, 
compares the results, and continues to recalculate until the minimum free energy for the entire 
system is identified. To create equilibrium composition diagrams, a model is constructed with a 
starting composition representing each constituent in kilogram moles or “kmol.” All equilibrium 
composition diagrams created had hypothetical starting compositions of 10 kmol REO, 240 kmol 
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rare earth halide, and 10000 kmol argon. The output diagram shows the equilibrium species 
produced from the input conditions as a function of temperature and constant total pressure. At 
constant temperature, the partial pressure of the nascent rare earth halide species can be 
effectively minimized by continuously removing the reaction products with the flow of argon 
gas. Continuous dilution and removal of the reaction products provides a thermodynamic 
impetus because the value of Q is maintained below K. Vaporization continues because the 
system cannot achieve equilibrium. Equilibrium composition diagrams for select rare earth 
halides are attached in Appendix A. 
𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶(𝑠𝑠) → 𝑅𝑅𝑅𝑅𝐶𝐶𝐶𝐶(𝑔𝑔) (38) 
  
𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵(𝑠𝑠) → 𝑅𝑅𝑅𝑅𝐵𝐵𝐵𝐵(𝑔𝑔) (39) 
  
Vaporization and evaporation constants for select rare earth halides as reported in the literature 
are summarized in Table IX. In Table IX, adapted from Kubachewski [25], A, B, C and D refer 
to the heat capacity equation and Ls refers to the latent heat of sublimation. log𝑝𝑝 = 𝐴𝐴 ∗ 𝑇𝑇−1 + 𝐵𝐵 log𝑇𝑇 + 𝐶𝐶𝑇𝑇 + 𝐷𝐷 (𝑚𝑚𝑚𝑚𝑁𝑁𝑚𝑚) (40) 
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Table IX: Vaporization and evaporation constants for select rare earth halides adapted from Kubachewski [25] 
Substance A B C x 103 D 
Temp. 
Range 
(°C) 
b.pt. (°C) sb.pt. Ls at m.pt. or sb.pt. 
Ls at 25°C 
(kcal/mol) 
CeCl3 -18,750 -7.05 --- 36.38 298-m.p. 1731 --- 70.7±1.5 81.6±2.0 
CeBr3 -18,000 -7.05 --- 36.49 298-m.p. 1562 --- 68.3±1.5 78.2±2.0 
LaCl3 -19,040 -7.05 --- 36.2 298-m.p. 1812 --- 71.3±1.5 82.9±2.0 
LaBr3 -18,780 -7.05 --- 36.83 298-m.p. 1586 --- 71.1±1.5 81.8±2.0 
NdCl3 -18,220 -7.05 --- 36.27 298-m.p. 1674 --- 68.9±1.5 79.2±2.0 
NdBr3 -17,650 -7.05 --- 36.51 298-m.p. 1495 --- 67.4±1.5 76.6±2.0 
PrCl3 -18,490 -7.05 --- 36.31 298-m.p. 1709 --- 69.75±1.5 80.4±2.0 
PrBr3 -17,800 -7.05 --- 36.53 298-m.p. 1522 --- 67.9±1.5 77.25±2.0 
ScCl3 -14,200 --- --- 14.37 1065-1233 967 --- 65.0±3.0 --- 
ScBr3 -13,780 --- --- 14.35 1042-1200 --- 929 63.3±3.0 --- 
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 Experimental 
4.1. General Experimental Apparatus 
Figure 33 is an illustration of the typical experimental apparatus used in this study that 
included a tube furnace and two gas scrubbers. 
 
Figure 33: Basic schematic of typical furnace setup 
4.2. Volatilization of Rare Earth Chlorides 
Initial thermodynamic analyses were conducted to determine vaporization temperatures 
of each rare earth chloride. Proof of concept experiments were performed in several different 
furnaces. Experimental results revealed the potential for selective separation, however, a 
significant amount of oxychloride was detected in the non-volatile matter. Numerous steps, 
outlined in Section 4.4, were taken to mitigate the potential for oxychloride formation on single 
rare earth chlorides. 
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 Thermodynamic Analysis 
4.2.1.1. TGA/DTA 
The individual vaporization temperature range for each RECl was determined by 
thermodynamic modeling and thermogravimetric analysis/differential thermal analysis 
(TGA/DTA). Thermogravimetric analysis (TGA) is a thermal analysis method that measures the 
change in chemical and physical properties of a material. TGA records the rate of mass change 
of a material as a function of temperature as the material is heated at a programmed rate, or as a 
function of time when the material is held isothermally. Data obtained from a TGA includes 
mass change as a function of temperature or time at constant temperature, and the temperature at 
which mass changes take place. Differential thermal analysis (DTA) compares the temperature 
differences of a test specimen to a reference material (typically Al2O3) while both materials are 
simultaneously heated at a programmed rate. The thermogram produced by DTA reveals 
endothermic or exothermic events and the temperatures at which they occur.  
TGA/DTA were performed using the TA Instruments DSC Q600 pictured in Figure 34. A 
sample of a single rare earth chloride was loaded into an alumina crucible. Argon purged the 
system at a rate of 0.1 milliliters/minute. The sample was heated at 20°C/min to 600°C, held 
isothermally for 2 minutes, and then ramped at a rate of 5°C/min to 1400°C. The sample was 
held at 1400°C for one minute and then cooled in air to room temperature. Heat flow and mass 
loss were recorded for each analysis. TGA/DTA plots are attached in Appendix A.  
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Figure 34: TA Instruments DSC Q600 [26] 
4.3. Proof of Concept Experiments 
Based on the information obtained through the literature review, previous 
experimentation, and thermodynamic modeling, initial experimentation was performed using 
reagent grade samples of europium chloride and dysprosium chloride. These compounds were 
chosen as the initial focus of separation because they have the greatest difference in vapor 
pressure. A 3-zone MTI OTF-1500X tube furnace, shown in Figure 35, was used for proof of 
concept experimentation. Experiments were conducted using one gram of dysprosium chloride 
and one gram of europium chloride in separate alumina boats under a high purity argon purge of 
250mL/min with time as the variable. The furnace heating profile was set to peak at 1150°C and 
gradually decline along the length of the tube. The thermodynamic data indicated this 
temperature profile would allow dysprosium chloride to vaporize, transport with the argon 
carrier gas, and condense in the cooler regions of the furnace. Europium chloride, which has a 
very low vapor pressure, would remain in the boat. Within the condensation regions, a series of 
one-inch-diameter 316 stainless steel washers were spaced one inch apart from each other using 
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ceramic pieces to create high surface area for condensate collection. The stainless steel washer 
apparatus is shown in Figure 36. Following the conclusion of the experiment, the stainless steel 
washers were leached in 18 MΩ water at neutral pH for two hours to recover soluble condensate. 
Leachate samples were sent to Hazen Research Inc. for ICP analysis. 
 
Figure 35: MTI OTF-1500X three-zone tube furnace 
 
Figure 36: Mullite rod with stainless steel washers and 1-inch mullite spacers used as high surface area for 
RECl to condense 
Similar experiments were conducted in a custom furnace train comprised of three MTI 
tube furnaces: OTF-1500X, OSL-1500X and GSL-1000X, placed side by side with a single 2-
inch diameter mullite tube through the center, shown in Figure 37. The furnace train allowed for 
a broader temperature range, creating larger vaporization and condensation regions. Between 
each furnace, however, the temperature dropped significantly. To mitigate the temperature 
decline, 12-inch and 20-inch length molybdenum tubes were placed inside the mullite tube in the 
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areas between the two furnaces. Molybdenum has a high thermal conductivity, so it was believed 
to help transfer the heat and maintain a more consistent temperature gradient from one furnace to 
another. Figure 38 illustrates the temperature gradient of the three furnaces with and without the 
molybdenum tube sections.  
 
Figure 37: MTI furnace train consisting of MTI OTF-1500X, OSL-1500X and GSL-1000X tube furnaces 
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Figure 38: Temperature profile of MTI furnace train with and without molybdenum tube sections. The 
temperatures of the furnaces were set to 1100C, 1000C, and 850C. The drops in temperature correspond to 
the spaces between furnaces. 
Within the condensation regions, a series of one-inch-diameter ceramic tube sections was 
packed with stainless steel (316L) wool to create high surface area for condensate collection. 
Within the molybdenum tube sections, 316L stainless steel wool wrapped ceramic pieces were 
used as high surface area for condensate. The tube sections and ceramic pieces are pictured in 
Figure 39 and Figure 40, respectively. Following each experiment, the condensate from the 
ceramic tube sections, stainless steel wool, and boat were leached in 18 MΩ water for two hours.  
 
Figure 39: Mullite 1-inch diameter tube section with 
316 stainless steel wool 
 
Figure 40: Mullite 0.75-inch diameter tube section 
wrapped in 316 stainless steel wool 
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4.4. Mitigation of Oxychloride Formation 
Due to the hygroscopic nature of rare earth chlorides and their high affinity for oxygen, 
many steps were taken to eliminate the potential for oxygen and moisture in the system and 
mitigate the formation of rare earth oxychloride. Hydrated rare earth chlorides were used in all 
experiments. Anhydrous rare earth chlorides are available, but due to lack of resources to prevent 
hydration, hydrated rare earth chlorides were considered the better option. Ultra-high purity 
argon was purchased and a new Fisher Scientific O2/moisture inline gas filter was installed. Four 
different boats were used for experimentation: ceramic, alumina, graphite, and quartz. Different 
materials were used to evaluate if the boats were a potential oxygen source. Later, the mullite 
tube was replaced with a quartz tube. A desiccator was placed between the furnace outlet and the 
scrubbers to eliminate the possibility for pressure back draw of moisture into the system as the 
furnace cooled. 
4.5. Chlorination and Volatilization 
To produce an anhydrous rare earth chloride, the rare earth oxide was first converted to a 
rare earth chloride using NH4Cl according to the optimal parameters identified by Gaede [7]. 
Without interrupting operation, the same furnace could be ramped to the vaporization 
temperature without exposing the chloride to air. The idea was that oxychloride formation would 
be mitigated because there would be less water available to react with the chlorides than in 
reagent grade rare earth chlorides. 
One half gram of rare earth oxide was placed in a reaction boat with a 24:1 mole ratio of 
NH4Cl (approximately 1.725g).  In an MTI OTF-1500X furnace, a boat was placed into the 
center of a 2-inch diameter mullite tube on a mullite dee-tube, to avoid spilling. With an argon 
purge rate of 250mL/min, the furnace was heated to 330°C and held for one hour to convert the 
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oxide to the chloride. At the conclusion of one hour, the furnace was ramped at 10°C/min to the 
determined vaporization temperature or beyond and held for 4 hours. The furnace was then 
cooled to room temperature in argon. In certain experiments, the temperature was held between 
100°C and 400°C to eliminate potential waters of hydration before vaporization.  Table X 
summarizes the experiments performed that employed the chlorination and volatilization 
method. 
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Table X: Summary of experiments involving the chlorination and volatilization method 
ID Compounds Used 
Molar Ratio 
(NH4Cl:REO) 
Boat 
Material Argon Flow (mL/min) Heating Program 
CVAP1 Dy2O3, NH4Cl 21:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 1400°C, hold 4hrs  
Cool to RT in argon 
CVAP2 Dy2O3, NH4Cl 18:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 4hrs  
Ramp 10°C/min 1400°C, hold 2hrs  
Cool to RT in argon 
CVAP3 Dy2O3, NH4Cl 24:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 4hrs 
Ramp 10°C/min 1400°C, hold 2hrs  
Cool to RT in argon 
CVAP4 Dy2O3, NH4Cl 18:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 1400°C, hold 2hrs  
Cool to RT in argon 
CVAP5-2 Dy2O3, NH4Cl 21:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 2hrs  
Ramp 10°C/min 1400°C, hold 4hrs 
Cool to RT in argon 
CVAP6 Dy2O3, NH4Cl 24:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 1400°C, hold 4hrs  
Cool to RT in argon 
CVAP7 Dy2O3, NH4Cl 18:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 4hrs  
Ramp 10°C/min 1400°C, hold 8hrs  
Cool to RT in argon 
CVAP8 Dy2O3, NH4Cl 21:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 1400°C, hold 8hrs  
Cool to RT in argon 
CVAP9 Dy2O3, NH4Cl 24:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 2hrs  
Ramp 10°C/min 1400°C, hold 8hrs  
Cool to RT in argon 
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Table X: Summary of experiments involving chlorination and volatilization method, continued 
CVAP10 Dy2O3, NH4Cl 24:1 Ceramic 250 
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 1400°C, hold 4hrs  
Cool to RT in argon 
DVAP1-Dy Dy2O3, NH4Cl 24:1 Graphite 250 
Ramp 10°C/min 100°C, hold 4hrs  
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 780°C, hold 4hrs  
Cool to RT in argon 
DVAP2-Ho Ho2O3, NH4Cl 24:1 Graphite 250 
Ramp 10°C/min 100°C, hold 4hrs  
Ramp 10°C/min 330°C, hold 1hr  
Ramp 10°C/min 900°C, hold 4hrs  
Cool to RT in argon 
VAP1-Yb Yb2O3, NH4Cl 24:1 Graphite 250 
Ramp 10°C/min 100°C, hold 4hrs  
Ramp 10°C/min 270°C, ramp 5°C/min 320°C, 
hold 1hr 
Ramp 10°C/min 900°C, hold 4hrs  
Cool to RT in argon 
VAP2-Yb Yb2O3, NH4Cl 24:1 Graphite 250 
Ramp 10°C/min 100°C, hold 4hrs  
Ramp 10°C/min 270°C, ramp 5°C/min 320°C, 
hold 1hr 
Ramp 10°C/min 1050°C, hold 4hrs  
Cool to RT in argon 
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4.6. Carbochlorination and Volatilization 
 Activated Carbon 
Related experiments were conducted with the addition of activated carbon as a reducing 
agent. The carbon addition decreases the oxygen potential, favoring the formation of the 
chloride. In theory, carbon would remove oxygen from the system by preferentially forming 
CO(g) according to the Boudouard reaction. 2𝐶𝐶𝑂𝑂 ⇌ 𝐶𝐶𝑂𝑂2 + 𝐶𝐶  (41) 
  
In a ceramic boat, 0.05g of activated carbon was added to 0.5g REO and 1.725g NH4Cl. 
The experiments were carried out as discussed in Section 4.5. 
 Carbon Monoxide Gas 
Carbon monoxide (CO) gas was also employed as a reducing agent. The theory behind 
using CO gas was the same as that of using carbon - the CO(g) would attach to oxygen and 
preferentially form CO2(g). In some experiments, both carbon and CO gas were involved. The 
experiments and process parameters for all carbochlorination experiments are summarized in 
Table XI. 
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Table XI: Summary of experiments conducted using carbon and carbon monoxide gas 
ID Compounds Used 
Molar Ratio 
(NH4Cl:REO) 
Molar 
Ratio 
(C:REO) 
Boat 
Material 
Argon 
Flow 
(mL/min) 
Heating Program 
CCl-1 Dy2O3, NH4Cl, C 
24:1 3:1 Ceramic 250 
Ramp 10°C/min to 100°C, hold 1hr 
Ramp 10°C/min to 1100°C, hold 4hrs 
Cool to RT in argon 
CCl1-2 Dy2O3, NH4Cl, C 
24:1 3:1 Ceramic 250 
Ramp 10°C/min to 100°C, hold 1hr 
Ramp 10°C/min to 1400°C, hold 4hrs 
Cool to RT in argon 
CCl2-2 DyCl3, C --- 3:1 Ceramic 250 
Ramp 10°C/min to 220°C, hold 1hr 
Ramp 10°C/min to 1400°C, hold 4hrs 
Cool to RT in argon 
COCl1 Dy2O3, NH4Cl, CO(g) 
24:1 1:1 Ceramic 200 
Ramp 10°C/min in argon to 220°C, hold 1hr 
Ramp 10°C/min to 330°C hold 1hr, switch to 
CO(g) 
Ramp 10°C/min to 1400°C, hold 4hrs 
Cool to below 300°C in CO(g) then to RT in argon 
COVAP1 DyCl3, CO(g) --- --- Ceramic 200 
Ramp 10°C/min in argon to 220°C, hold 1hr then 
switch to CO(g) 
Ramp 10°C/min to 1400°C, hold 4hrs 
Cool to below 300°C in CO(g) then to RT in argon 
CCOCl1 Ho2O3, NH4Cl, CO(g) 
24:1 1:1 Ceramic 200 
Ramp 10°C/min in argon to 340°C, hold 1hr then 
switch to CO(g) 
Ramp 10°C/min to 900°C, hold 4hrs 
Cool to below 300°C in CO(g) then to RT in argon 
CCOVAP1 GdCl3, C, CO(g) 
--- 1:1 Ceramic 200 
Ramp 10°C/min in argon to 220°C, hold 1hr then 
switch to CO(g) 
Ramp 10°C/min to 1080°C, hold 4hrs 
Cool to below 300°C in CO(g) then to RT in argon 
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4.7. Chloride Volatilization with Supplemental Chlorine 
Chloride volatilization was investigated with many sources of supplemental chlorine: 
HCl gas, iron (III) chloride (FeCl3), and NH4Cl, in addition to a rare earth chloride. The theory in 
support of a supplemental chlorine source was that it would have longer residence time to allow 
greater oxide-to-chloride interaction as well as provide the supplemental chloride ions needed to 
convert the REOCl phase into the RECl phase. 
 HCl Gas 
Again, comparable experiments were conducted in an MTI GSL-1500X tube furnace. 
REO and NH4Cl were weighed in a 24:1 mole ratio and placed in the furnace. In an argon 
atmosphere, the furnace was ramped to the optimal conversion temperature and held for one 
hour. At the conclusion of one hour, HCl gas was added to the system at 1:3 ratio with argon gas 
(50mL/min HCl, 150mL/min argon) and the furnace was heated to the vaporization temperature. 
The HCl gas was scrubbed though two 1L bench-scale scrubbers and then through a 50L packed 
bed absorption column (2.7m H x 0.9m L x 0.9m D) manufactured by Büchiglasuster. The 
absorption column was packed with 20x20 mm raschig rings at a packing height of 
approximately 1 meter. The packed bed absorption column is pictured in Figure 41 and a full 
schematic drawing is attached in Appendix C. After holding for a predetermined time at the 
vaporization temperature, the furnace was cooled below 300°C and the HCl gas flow was 
terminated. Argon gas purged the furnace overnight. The experiments conducted using HCl as 
the supplemental chloride source are summarized in Table XII. 
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Figure 41: Packed bed absorption column manufactured by Buchiglas used to scrub HCl gas 
 FeCl3 
Iron (III) chloride was added to the REO/NH4Cl sample in a 1:1 mass ratio with the REO. 
In addition to acting as a surplus of chloride ions, FeCl3 was used as a transport agent. Ferric 
chloride was also tested in conjunction with activated carbon. Theoretically, the activated carbon 
would reduce the partial pressure of oxygen and FeCl3 would provide additional chloride ions 
and aide in transporting the RECls.  Table XIII summarizes the experiments conducted using 
FeCl3 as the supplemental chloride source. 
 NH4Cl 
Ammonium chloride was added to reagent grade RECls as an additional chloride source. 
If there was any oxygen in the system, possibly from the hydrated reagent grade chloride, and an 
oxychloride was formed, the ammonium chloride would provide chloride ions to convert the 
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REOCl back to RECl so that the chloride could vaporize. Experiments conducted with reagent 
grade rare earth chlorides and supplemental NH4Cl are summarized in Table XIV. 
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Table XII: Experiments conducted using HCl as the supplemental chloride source 
ID Compounds Used 
Molar Ratio 
NH4Cl:REO 
Boat 
Type 
Gas flow mL/min 
(Ar:HCl) Heating Program 
HCl1 
Dy2O3, 
NH4Cl, 
HCl(g) 
24:1 Graphite 150:50 
Ramp 10°C/min to 100°C, hold 1 hr 
Ramp 10°C/min to 330°C, hold 1 hr - turn on HCl(g) 
Ramp 10°C/min to 1100°C, hold 4hrs 
Cool to RT in argon 
HCl2 
Dy2O3, 
NH4Cl, 
HCl(g) 
24:1 Graphite 150:50 
Ramp 10°C/min to 100°C, hold 1 hr 
Ramp 10°C/min to 250°C, hold 1 hr 
Ramp 10°C/min to 330°C, hold 1 hr - turn on HCl(g) 
Ramp 10°C/min to 850°C, hold 4hrs 
Cool to RT in argon 
HCl3 DyCl3, HCl(g) 
-- Graphite 150:50 
Ramp 10°C/min to 100°C, hold 1 hr 
Ramp 10°C/min to 250°C, hold 1 hr- turn on HCl(g) 
Ramp 10°C/min to 850°C, hold 1 hr  
Cool to RT in argon 
 
Table XIII: Summary of experiments using FeCl3 as the supplemental chloride source 
ID Compounds Used 
Molar Ratio 
(NH4Cl:REO) 
Molar Ratio 
(FeCl3:REO) 
Molar 
Ratio 
(C:REO) 
Boat 
Material 
Argon 
Flow 
(mL/min) 
Heating Program 
FeCl1 
Dy2O3, 
NH4Cl, 
FeCl3 
24:1 1:1 --- Graphite 200 
Ramp 10°C/min to 100°C, hold 1 hr 
Ramp 10°C/min to 330°C, hold 1 hr  
Ramp 10°C/min to 1100°C, hold 4hrs 
Cool to RT in argon 
CFeCl1 
Dy2O3, 
NH4Cl, 
FeCl3, C 
24:1 1:1 3:1 Graphite 200 
Ramp 10°C/min to 100°C, hold 1 hr 
Ramp 10°C/min to 330°C, hold 1 hr  
Ramp 10°C/min to 850°C, hold 1 hr  
Cool to RT in argon 
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Table XIV: Summary of experiments conducted with NH4Cl as the supplemental chloride source 
ID Compounds Used 
Molar Ratio 
(NH4Cl:REO) 
Boat 
Material 
Argon Flow 
(mL/min) Heating Program 
ClVAP2-Dy DyCl3, NH4Cl 
24:1 Graphite 200 
Ramp10°C/min to 175°C, hold 1hr 
Ramp 10°C/min to 420°C, hold 1hr 
Ramp 10°C/min to 750°C, hold 4hrs 
Cool to RT in argon 
DVAP3-Ho HoCl3, NH4Cl 
24:1 Graphite 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 420°C, hold 1hr 
Ramp 10°C/min to 900°C, hold 4hrs 
Cool to RT in argon 
ClVAP1-Yb YbCl3, NH4Cl 
24:1 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 270°C, ramp 5°C/min to 320°C, hold 
1hr 
Ramp 10°C/min to 900°C, hold 4hrs 
Cool to RT in argon 
ClVAP-Yb YbCl3, NH4Cl 
24:1 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 270°C, ramp 5°C/min to 320°C, hold 
1hr 
Ramp 10°C/min to 1050°C, hold 4hrs 
Cool to RT in argon 
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 Upon completion of each experiment, the insulation blocks and boat were removed and 
weighed. The boat and insulation blocks were placed in 250mL beakers and leached in 18MΩ 
water. The tube was removed from the furnace and the condensate was rinsed into a 250mL 
beaker. All beakers were placed on a shaking table, covered with Parafilm, and leached for a 
minimum of 2 hours. Using a vacuum pump, vacuum flask, and filter apparatus, the samples 
were filtered through a Whatman grade 5 or grade 1 filter. Each sample was normalized to a 
specific, known volume (typically 100mL or 200mL). Scrubber tubes were rinsed with a known 
volume of water into the respective scrubber. Scrubber solutions were mixed and an aliquot 
sample was taken. Leachate samples were sent to Hazen Research for ICP analysis. Non-volatile 
material remaining in the boat was analyzed using XRD. 
4.8. Bromide Volatilization 
Rare earth bromides were investigated as a potential method of REE separation. 
Vaporization trials were conducted with reagent grade rare earth bromides in both a single zone 
MTI OTF-1100X furnace and a three zone MTI OTF-1500X furnace. Experiments were 
performed with 1-3 rare earth bromides to evaluate selectivity and separation. Quartz tubes, 
insulation plugs, and boats were used in all experiments. Desiccant was installed between the 
scrubbers and the furnace outlet to prevent drawing moisture into the system with pressure 
change. 
 MTI OTF-1100X Experiments 
Approximately one gram of select rare earth bromides were weighed into the same quartz 
boat and placed in the center of the furnace. With an ultra-high purity argon purge rate of 
250mL/min, the furnace was heated at 10°C/min to 100°C and held for four hours to remove any 
free waters of hydration. The furnace was then heated to the vaporization temperature and held 
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for a predetermined amount of time. With the argon still flowing, the furnace was cooled to room 
temperature. Condensed material on the inside of the tube was rinsed into a beaker. Non-volatile 
material remaining in the boat and condensate on the quartz insulation block was also rinsed into 
beakers. Scrubber solutions were mixed and an aliquot sample was taken. Rare earth bromide 
experiments conducted in the single zone OTF-1100X furnace are summarized in Table XV. 
Table XV: Parameters of rare earth bromide experiments conducted in MTI OTF-1100X single zone tube 
furnace 
ID Compounds Used 
Boat 
Material 
Argon 
Flow 
(mL/min) 
Heating Program 
BrVAP1-Nd NdBr3 Graphite 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 750°C, hold 4hrs 
Cool to RT in Argon 
BrVAP2-Nd NdBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 750°C, hold 4hrs 
Cool to RT in Argon 
BrVAP2-Nd NdBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 1000°C, hold 
8hrs 
Cool to RT in Argon 
BrSep-Dy, Tb DyBr3, TbBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 3hrs 
Ramp 10°C/min to 200°C, hold 1hr 
Ramp to 10°C/min to 900°C, hold 
6hrs 
Cool to RT in Argon 
BrSep3-Nd, 
Tb 
NdBr3, 
TbBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 900°C, hold 8hrs 
Cool to RT in Argon 
BrSep1-Ho, 
Ce 
HoBr3, 
CeBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 10°C/min to 900°C, hold 8hrs 
Cool to RT in Argon 
 MTI OTF-1500X Experiments 
Again, approximately one gram each of select rare earth bromides were placed the same 
quartz boat (without mixing the bromides). A 55-inch quartz tube extended though the center of 
the furnace. The boat was placed in the first zone of the MTI OTF-1500X three zone furnace. In 
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the outlet end of the furnace, the stainless steel washer and ceramic spacer apparatus was 
employed (Figure 36). The apparatus extended 20 inches into the furnace. Twenty 316L stainless 
steel discs and 20 ceramic spacers were used as high surface area for condensation. With an 
ultra-high purity argon gas purge of 250mL/min, all three zones were heated to 100°C and held 
for four hours. Each zone was then heated at a rate in which they would reach their set 
temperature at the same time. All zones were held at the set temperature for a fixed amount of 
time and then allowed to cool to room temperature in an argon atmosphere. Samples were taken 
in sections based on observation of color using a foam swab and water. Condensate along the 
inside walls of the tube was swabbed and rinsed into a beaker multiple times until the tube 
appeared to be clean. Condensate on stainless steel discs and ceramic spacers within each sample 
section were leached in their respective sample beakers. Experiments conducted in the OTF-
1500X furnace are summarized in Table XVI. 
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Table XVI: Parameters of rare earth bromide experiments conducted in MTI OTF-1500X three zone tube furnace 
ID Compounds Used 
Boat 
Material 
Argon Flow 
(mL/min) Heating Program 
BrSep- Dy, Gd, Tb DyBr3, GdBr3, TbBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 1hr 
Ramp to 900°C, 800°C, 700°C, hold 4hrs 
Cool to RT in Argon 
BrSep5-Nd, Ce, Tb NdBr3, CeBr3, TbBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp to 1000°C, hold 8hrs 
Cool to RT in Argon 
Exp 1 NdBr3, CeBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp 1100X to 920°C to preheat gas 
Ramp to 900°C, 800°C, 700°C, hold 8hrs 
Cool to RT in Argon 
Exp 2 NdBr3, CeBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp to 900°C, 750°C, 600°C, hold 8hrs 
Cool to RT in Argon 
Exp 3 NdBr3, CeBr3 Quartz 100 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp to 900°C, 750°C, 600°C, hold 8hrs 
Cool to RT in Argon 
Exp 4 NdBr3, CeBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp to 900°C, 750°C, 600°C, hold 10hrs 
Cool to RT in Argon 
Exp 5 NdBr3, CeBr3 Quartz 250 
Ramp 10°C/min to 100°C, hold 4hrs 
Ramp to 900°C, 750°C, 600°C, hold 6hrs 
Cool to RT in Argon 
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4.8.2.1. Bromination and Volatilization of RE Ores and Concentrates 
Using the same experimental system as the MTI OTF-1500X experiments, bromination 
volatilization experiments were performed on rare earth bearing ores and concentrates from the 
Bear Lodge property in Wyoming. Minerological analysis were conducted on the Bear Lodge 
samples by the Center for Advanced Mineral and Metallurgical Processing (CAMP) at Montana 
Tech. Mineral Liberation analysis (MLA) and ICP fusion techniques were used to analyze the 
samples.  The mineralogical breakdown of the ore and concentrate samples are presented in 
Table XVII. RE1, RE2 and RE3 are classified as concentrates and RE4, RE5 and RE6 are 
classified as ores. The elemental breakdown of the lanthanide series elements contained in the 
ores and concentrates are presented in Table XVIII. Carter et al. [13] conducted ICP analysis on 
the six Bear Lodge deposits. Elements highlighted in yellow are proper REEs and elements 
highlighted in blue are lanthanides often grouped with REEs. 
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Table XVII: RE Minerology determined through MLA. Green highlights indicate rare earth bearing 
minerals [13] 
 
 
Mineral Formula REE 1 - Wt% REE 2 - Wt% REE 3 - Wt%
Aegirine NaFeSi2O6 0.16 0.20 0.00
Alunite KAl3(SO4)2(OH)6 0.01 0.01 0.01
Ancylite Sr(Ce,La)(CO3)2(OH) . H2O 0.58 0.45 2.28
Apatite Ca5(PO4)3F 0.74 0.75 0.00
Barite BaSO4 2.69 2.45 0.01
Bastnasite (Ce,La)(CO3)F 5.31 5.79 24.83
Biotite K(Mg,Fe)3(AlSi3O10)(OH)2 12.34 11.89 0.00
Calcite CaCO3 0.00 0.00 0.04
Cerianite (Ce,Th)O2 5.88 5.31 0.01
Chalcopyrite CuFeS2 0.01 0.00 0.03
Coronadite PbMn8O16 0.62 0.80 0.00
FeO Fe2.5O3.5 17.37 21.27 0.11
Fluorite CaF2 0.00 0.00 0.00
Goyazite SrAl3(PO4)(PO3OH)(OH)6 0.07 0.08 0.00
Grossular Ca3Al2Si3O12 0.02 0.01 0.00
Hollandite BaMn8O16 6.95 6.05 0.00
Hornblende (Ca2,Na)(Mg2FeAl)Si6O22(OH)2 0.02 0.02 0.00
Ilmenite FeTiO3 0.61 0.69 0.00
Jarosite KFe3(SO4)2(OH)6 0.04 0.01 0.00
K_Feldspar KAlSi3O8 7.54 8.96 0.01
Mica KAl2(AlSi3O10)(OH)2 4.56 3.32 0.00
MnO (MnO(OH))(MnCO3)Ba0.1 10.41 11.42 19.04
Monazite (La,Ce)PO4 8.14 5.29 22.30
Parisite Ca(Ce,La)2(CO3)3F2 8.53 9.37 31.06
Plagioclase (Na,Ca)(Al,Si)4O8 0.22 0.16 0.00
Pyrite FeS2 0.00 0.00 0.00
Quartz SiO2 4.37 3.81 0.20
Rhodonite_Ba (Mn,Fe,Mg,Ca)SiO3Ba0.05 2.47 1.47 0.05
Rutile TiO2 0.31 0.40 0.01
Strontianite SrCO3 0.00 0.00 0.00
Titanite CaTiSiO5 0.00 0.00 0.00
Xenotime YPO4 0.00 0.00 0.00
Zircon ZrSiO4 0.00 0.00 0.00
Total 100.00 100.00 100.00
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Table XVIII: SEM/MLA elemental analysis of Bear Lodge samples [13] 
Constituent RE1 RE2 RE3 RE4 RE5 RE6 Con 1 Con 2 Con 3 Ore 1 Ore 2 Ore 3 
wt% Al 8.57 8.03 4.58 10.14 13.86 3.41 
wt% Ca 3.65 3.79 5.35 1.83 1.64 29.76 
wt% Ce 10.05 10.41 19.25 2.67 0.93 4.02 
wt% Dy 0.26 0.28 0.50 0.08 0.03 0.09 
wt% Er 0.00 0.00 0.00 0.02 0.01 0.00 
wt% Eu 0.13 0.13 0.21 0.04 0.02 0.04 
wt% Fe 18.90 20.15 0.29 31.19 15.31 20.43 
wt% Gd 0.33 0.35 0.66 0.10 0.05 0.11 
wt% Ho 0.00 0.00 0.03 0.00 0.00 0.00 
wt% K 6.99 6.98 0.38 16.77 23.17 5.32 
wt% La 9.63 10.57 20.71 2.81 0.82 4.21 
wt% Lu 0.00 0.00 0.00 0.00 0.00 0.00 
wt% Mg 1.19 1.23 0.66 0.48 1.37 0.99 
wt% Na 0.42 0.37 19.52 0.39 1.10 0.15 
wt% Nd 4.45 4.62 7.01 1.10 0.47 1.60 
wt% Pr 1.28 1.34 2.13 0.34 0.14 0.49 
wt% S 0.53 0.51 0.13 0.21 0.12 0.49 
wt% Sc 0.00 0.00 0.00 0.00 0.00 0.00 
wt% Sm 0.34 0.35 0.41 0.09 0.05 0.10 
wt% Tb 9.03 9.88 19.18 2.54 0.75 3.78 
wt% Th 0.25 0.29 0.00 0.08 0.03 0.06 
wt% Tm 0.00 0.00 0.00 0.00 0.00 0.00 
wt% U 0.28 0.38 0.00 0.34 0.09 0.25 
wt% Y 11.00 0.16 0.81 0.00 0.00 0.00 
wt% Yb 0.01 0.01 0.03 0.00 0.00 0.00 
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Table XIX: Weight percent of REE in Bear Lodge samples determined by ICP analysis [13] 
  Concentrates (wt%) Ores (wt%) 
Element RE1 RE2 RE3 RE4 RE5 RE6 
Ce 7.08 7.48 12.7 2.14 0.68 3.15 
Dy 0.054 0.059 0.137 0.021 0.007 0.014 
Er 0.018 0.2 0.041 0.008 0.003 0.005 
Eu 0.076 0.078 0.113 0.021 0.011 0.026 
Gd 0.14 0.141 0.242 0.035 0.013 0.035 
La 4.79 5.32 8.96 1.39 0.416 2.1 
Nd 2.27 2.44 3.49 0.603 0.274 0.929 
Pr 0.769 0.816 1.26 0.204 0.085 0.321 
Sm 0.45 0.46 0.652 0.119 0.061 0.161 
Tb 0.014 0.015 0.027 0.005 0.002 0.004 
Yb 0.005 0.006 0.014 0.003 -0.001 0.001 
Total 15.666 17.015 27.636 4.549 1.551 6.746 
Ammonium bromide was used as the bromination agent to brominate the ore/concentrate 
prior to vaporization. Approximately 90 grams of NH4Br and 15 grams of rare earth bearing 
ore/concentrate were weighed to achieve a 6g:1g (NH4Br:ore/concentrate) ratio. Excess 
ammonium bromide was used to account for gangue bromination. Roughly half of the NH4Br 
was placed in the bottom of two quartz boats. The ore or concentrate was mixed with the 
remaining NH4Br and poured equally on top of the ammonium bromide in the bottom of the two 
boats. Having ammonium bromide on the bottom of the boats causes it to percolate up through 
the ore/concentrate as vaporization occurs, increasing the contact between the NH4Br and 
ore/concentrate. The two quartz boats were placed in the center of the first zone of the three zone 
furnace. Each zone was heated in an ultra-high purity argon atmosphere (250mL/min) to 100°C 
and held for 4 hours. The three zones were then heated to 350°C and held for 4 hours, the 
optimal parameters for bromination determined by Ruffier [20]. After the four hours of 
bromination, the furnace was heated at a rate that would allow each zone to attain the set 
temperature at the same time. After holding for the desired vaporization time, the furnace was 
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cooled to room temperature in argon. Samples sections were again determined by observation of 
color and taken using a foam swab and water. Stainless steel discs and ceramic spacers were 
placed in the respective sample beaker. Table XX lists the parameters used for the rare earth ore 
and concentrate experiments conducted in the three zone tube furnace.
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Table XX: Parameters of rare earth bearing ore and concentrate experiments conducted in a three zone tube furnace
ID Compounds Used  NH4Br:RE 
Mass Ratio 
Boat Material Argon Flow (mL/min) Heating Program
Ramp 10°C/min to 100°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 1000°C, 800°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 1000°C, 800°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
Ramp 10°C/min to 100°C, hold 4hrs
Ramp 10°C/min to 350°C, hold 4hrs
Ramp to 900°C, 750°C, 600°C, hold 8hrs
Cool to RT in argon
RE6-1 RE6 Ore, NH4Br 6:1 Quartz 250
RE6-2 RE6 Ore, NH4Br 6:1 Quartz 250
RE2-2
RE2 Concentrate, 
NH4Br
6:1 Quartz 250
RE5-1 RE5 Ore, NH4Br 6:1 Quartz 250
RE1-3
RE1 Concentrate, 
NH4Br
6:1 Quartz 250
RE2-1
RE2 Concentrate, 
NH4Br
6:1 Quartz 250
RE1-1
RE1 Concentrate, 
NH4Br
6:1 Quartz 250
RE1-2
RE1 Concentrate, 
NH4Br
6:1 Quartz 250
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For all experiments, sample beakers were placed on a shaking table for a minimum of 
two hours. Afterward, the leachate samples were filtered through a Whatman grade 5 or grade 1 
filter paper. Solutions were normalized to a known volume and a 20mL aliquot sample was sent 
to an outside lab for analysis. 
4.9. Analysis 
 ICP 
Inductively Coupled Plasma Spectroscopy was used to determine the REE 
concentration(s) in each experimental leachate sample. Approximately 20mL of each leachate 
sample was sent to an outside lab (Hazen Research Inc.) for ICP analysis. Of the possible 
reaction products, only rare earth halides and hydroxides are water soluble. ICP analysis detects 
the amount of soluble rare earth elements extracted in leachate solutions. Hydroxide formation 
was not confirmed by XRD analysis, however some thermodynamic analysis suggest hydroxide 
could be present as a co-product following chlorination. 
 XRD 
Non-volatile material remaining in the boat upon completion of some experiments were 
analyzed by X-ray Diffraction (XRD). Samples were prepared on a zero-background slide. XRD 
scans were collected with a Rigaku diffractometer and scintillation detector. Parameters used 
were a 5-90° 2θ scanning range, 0.5 second hold time, and a 0.02° step length. PDXL was used 
to analyze diffraction patterns and determine the phases present. RIR values did not exist for all 
rare earth compounds, so rare earth compounds with similar ionic radii were used to quantify 
phases present. 
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 XRF 
X-ray fluorescence (XRF) was used to analyze the non-volatile material remaining in the 
boat after the rare earth ore and concentrate bromination and volatilization of experiments. 
Powder samples were prepared in sample analysis cups. A rare earth ore standard was used for 
calibration and certification values. 
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 Results and Discussion 
5.1. Proof of Concept Experiments 
Proof of concept experiments were conducted in a 3-zone, MTI-OTF 1500X tube furnace 
with reagent grade rare earth chlorides. Figure 42 illustrates the temperature gradient of the MTI 
OTF-1500X three zone tube furnace. Letters A-E represent approximately three to five inch 
sections in the furnace where the condensate was recovered. Figure 43 and Figure 44 show the 
results of the rare earth chloride recovered from the proof of concept experiments. Dy/Eu 
represent the leachate of the non-volatile material remaining in the boat. The data are 
summarized in Table XXI. 
 
Figure 42: Temperature profile of MTI OTF-1500X tube furnace used for proof of concept experimentation 
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Figure 43: Plot of dysprosium chloride condensate recovered from leach sections. A-E correspond to the 
furnace sections delineated in Figure 42 and represent position in the furnace and Dy represent non-volatile 
matter remaining in boat 
 
 
Figure 44: Plot of europium chloride condensate recovered from leach sections. A-E represent distance in 
furnace and Eu represent non-volatile matter remaining in boat 
Table XXI: Selectivity ratios of recovered condensate  
 
  2 hr 4 hr 8 hr 
Sample Temperature Range (°C) 
Selectivity Ratio 
(Dy:Eu) 
Selectivity Ratio 
(Dy:Eu) 
Selectivity Ratio 
(Dy:Eu) 
A 910-830 0.0 0.0 0.0 
B 800-480 0.0 35.5 2.8 
C 350-200 47.6 43.7 2.1 
D 140-100 11.5 36.2 0.5 
E <100 1590.0 - 0.6 
Dy:Eu - 0.0 0.2 0.1 
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The data in Table XXI indicate that, for experiments of less than 8 hours, dysprosium is 
at least ten times the concentration of europium at temperatures below 800°C. According to 
thermodynamic analysis, dysprosium chloride is expected to condense at temperatures below 
800°C. In the two-hour experiment, dysprosium concentration was nearly 1600 times that of 
europium in the coldest region in the furnace, verifying potential for selective separation. The 
lower selectivity ratios for the eight-hour experiment are likely due to the limited number of 
experiments conducted and potential for europium chloride particles to become entrained in the 
carrier gas. 
The images in Figure 45 and Figure 46 compare the dysprosium chloride and europium 
chloride boats preceding and following vaporization, respectively. 
 
Figure 45: Raw materials placed in boats prior to 
vaporization 
 
Figure 46: Non-volatile matter remaining in boats 
post vaporization 
X-ray diffraction (XRD) analysis of the non-volatile matter remaining in the boats 
indicated the presence of rare earth oxychloride. The majority of the measured mass loss is likely 
due to evaporation of waters of hydration contained in the rare earth chloride. Reagent grade rare 
earth chlorides hydrate rapidly in the laboratory atmosphere and can become extremely hydrated 
(e.g., RECl3•xH2O), which complicates mass balance calculations. 
5.2. Chlorination and Volatilization Experiments 
In the chlorination and volatilization experiments, the REO was first chlorinated using 
NH4Cl and then, in the same furnace, without ever exposing the material to air, ramped to a 
higher temperature to vaporize the converted RECl. The percent of RE mass in leachate solutions 
Eu 
 
Dy 
Eu 
 
Dy 
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for experiments conducted using the chlorination and volatilization method are summarized in 
Table XXII. The experimental parameters are listed in Table X and the raw data are compiled in 
Appendix B. 
Table XXII: Percent of mass accounted for in leachate solutions for experiments conducted using the 
chlorination and volatilization method 
ID % of Mass Accounted for in Leachate Solutions Comments 
CVAP1 0.1% 
Only TR and scrubber 1 
leachate samples were 
sent for analysis so total 
recovery is likely higher 
than these percentages 
indicate  
CVAP2 3.4% 
CVAP3 3.1% 
CVAP4 1.2% 
CVAP5-2 1.8% 
CVAP6 3.1% 
CVAP7 2.7% 
CVAP8 2.2% 
CVAP9 2.5% 
CVAP10 2.6%   
DVAP1-Dy 50.3%   
DVAP2-Ho 40.1%   
VAP1-Yb 56.1%   
VAP2-Yb 36.3%   
5.3. Carbochlorination and Volatilization 
Carbon was used as a reducing agent in an effort to decrease the potential for oxygen in 
the system and mitigate the formation of REOCl. The percent of RE mass detected in the 
leachate solutions for experiment conducted performed with carbon are summarized in Table 
XXIII. The parameters for these experiments are summarized in Table XI and the raw data are 
attached in Appendix B. 
 
 
 
 
93 
Table XXIII: Percent of RE mass in leachate solutions for experiments conducted using the carbochlorination 
and volatilization method 
ID % of RE Mass in Leachate Solutions 
CCl1-1 5.0% 
CCl1-2 1.0% 
CCl2-2 3.0% 
COCl1 1.6% 
COVAP1 1.2% 
CCOCl1 2.5% 
CCOVAP1 7.2% 
Accounted mass of RE did not exceed 7.2% in any of the experiments conducted using 
carbon or CO(g) as a reducing agent. After experiments were conducted, Ellingham diagrams 
were constructed to evaluate the potential for rare earth oxide and chloride reduction. Figure 47 
and Figure 48 show the Ellingham diagrams created using StabCal [27]. The labels on the 
diagrams correspond to the metal oxide produced when a pure metal reacts with oxygen 
according to the general equation: 
𝑥𝑥𝑥𝑥 + 𝑦𝑦𝑂𝑂2 → 𝑥𝑥𝑥𝑥𝑂𝑂𝑠𝑠  (42) 
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Figure 47: Ellingham diagram generated to determine the potential for reduction of select rare earth oxides 
using CO(g) 
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Figure 48: Ellingham diagram generated to determine the potential for reduction select rare earth chlorides 
using CO(g) 
From the Ellingham diagram, it is evident that carbon cannot reduce rare earth oxides 
because rare earth oxides have substantially lower free energies of formation than carbon 
monoxide across the entire temperature range. In order for carbon to be used as a reducing agent 
for rare earth oxides, (i.e. preferentially remove oxygen from the system) the free energy of 
formation lines on the Ellingham diagrams would have to intersect at a commercially attainable 
temperature. Further inspection of Ellingham diagrams revealed that rare earth oxides, such as 
Dy2O3 or Nd2O3, can be reduced by calcium metal at elevated temperatures. Rare earth elements 
have such an extremely high affinity for oxygen, so calcium metal is the only element that will 
preferentially form an oxide over rare earth elements. Calciothermic reduction of rare earth 
oxides was patented by General Motors in 1985 [28]. General Motors produced neodymium 
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metal from metallothermic reduction of Nd2O3 with calcium in a CaCl2-NaCl melt at 
temperatures between 710-790°C [29]. 
Figure 49 illustrates the position of the calcium oxidation reaction relative to those of 
neodymium and dysprosium; because the line representing the free energy of formation of 
calcium oxide lies below those for dysprosium and neodymium oxides, calcium metal could 
serve as a reducing agent for these rare earth oxides. At approximately 1200°C and 1800°C, the 
CaO line crosses the Dy2O3 and Nd2O3 lines, respectively. Aluminum and magnesium metal are 
not potential reducing agents for rare earth oxides because their free energy of formation line is 
above those of the rare earth oxides at a temperature range of 0-2000°C. Although reduction of 
rare earth oxides is not within the scope of this research, the preceding discussion serves to 
emphasize the extraordinarily high affinity of the rare earth elements for oxygen across the 
temperature range of interest in the study. 
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Figure 49: Ellingham diagram illustrating that rare earth elements have an extremely high affinity for oxygen 
Calcium metal was not considered as a potential reducing agent because the oxygen 
source(s) in the system were unknown. If calcium metal reacts with water, it can cause a violent 
reaction and potentially cause a flash fire [30]. Due to safety concerns, calcium metal was not 
used as a possible reducing agent.  
The Gibbs free energy for the chlorination reaction using ammonium chloride as the 
chlorination agent is highly negative, so the formation of the rare earth chloride is preferred at 
temperature greater than 300°C. However, at elevated temperatures, if any oxygen remains in the 
system, the chlorides will react to form oxychlorides or oxides; depending upon temperature, the 
amount of oxygen present, and the rare earth elements involved in the reaction. Therefore, any 
minute source of oxygen is detrimental to the system and the reversion of a RECl to a REOCl or 
REO, as illustrated in Figure 50, will be favored. Figure 50 indicates that gadolinium 
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oxychloride will preferentially form above the optimal chlorination temperature of 330°C and the 
rare earth chloride will preferentially revert to an oxide at temperatures above ~1060°C. The 
Gibbs free energy of the chlorination reaction and oxychloride reaction for gadolinium are 
summarized in Table XXIV and Table XXV respectively. 
Table XXIV: Standard Gibbs free energy for the reaction of gadolinium oxide with ammonium chloride 
showing spontaneity of chloride formation at a temperature greater than 300°C 
Gd2O3(s) + 6NH4Cl(s) = 2GdCl3(s) + 6NH3(g) + 3H2O(g)   
T deltaH deltaS deltaG K Log(K) 
C kcal cal/K kcal     
0.000 170.270 313.787 84.559 2.177E-068 -67.662 
100.000 167.102 304.058 53.643 3.797E-032 -31.421 
200.000 157.045 281.205 23.993 8.254E-012 -11.083 
300.000 154.582 276.514 -3.902 3.076E+001 1.488 
400.000 151.115 270.960 -31.281 1.435E+010 10.157 
500.000 146.649 264.790 -58.073 2.613E+016 16.417 
600.000 141.183 258.153 -84.224 1.211E+021 21.083 
700.000 155.096 274.386 -111.923 1.373E+025 25.138 
800.000 148.353 267.801 -139.037 2.078E+028 28.318 
900.000 140.465 260.780 -165.470 6.736E+030 30.828 
1000.000 131.397 253.369 -191.180 6.620E+032 32.821 
1100.000 121.076 245.571 -216.130 2.524E+034 34.402 
1200.000 109.446 237.402 -240.282 4.468E+035 35.650 
1300.000 93.341 226.793 -263.439 3.993E+036 36.601 
1400.000 79.158 218.057 -285.684 2.088E+037 37.320 
1500.000 63.583 209.020 -307.040 7.038E+037 37.847 
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Table XXV: Standard Gibbs free energy for the reaction of gadolinium chloride with water indicating 
spontaneity of oxychloride formation at a temperature greater than 300°C 
GdCl3(s) + H2O(g) = GdOCl(s) + HCl(g)     
T deltaH deltaS deltaG K Log(K) 
C kcal cal/K kcal     
0.000 31.704 65.455 13.825 8.657E-012 -11.063 
100.000 29.145 56.696 7.989 2.091E-005 -4.680 
200.000 27.955 53.876 2.464 7.278E-002 -1.138 
300.000 26.496 51.092 -2.788 1.156E+001 1.063 
400.000 24.399 47.727 -7.728 3.231E+002 2.509 
500.000 22.228 44.721 -12.348 3.095E+003 3.491 
600.000 20.049 42.070 -16.684 1.501E+004 4.176 
700.000 7.670 28.079 -19.655 2.598E+004 4.415 
800.000 5.049 25.515 -22.332 3.535E+004 4.548 
900.000 2.493 23.237 -24.768 4.116E+004 4.614 
1000.000 0.001 21.199 -26.988 4.297E+004 4.633 
1100.000 -2.428 19.361 -29.014 4.152E+004 4.618 
1200.000 -4.797 17.696 -30.866 3.797E+004 4.579 
1300.000 -7.107 16.179 -32.558 3.338E+004 4.524 
1400.000 -9.359 14.791 -34.106 2.853E+004 4.455 
1500.000 -11.554 13.516 -35.520 2.390E+004 4.378 
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Figure 50: Equilibrium composition diagram of the gadolinium chloride system illustrating the stable 
gadolinium phases with change in temperature and the potential for oxide or oxychloride formation at 
elevated temperatures 
5.4. Chlorination and Volatilization with Supplemental Chlorine 
Of all chlorination and volatilization experiments performed in this study, those 
conducted with a supplemental chloride source produced the highest amount of water-soluble 
REEs (as detected in the leachate solutions). The percent of RE mass in the leachate solutions are 
presented in Table XXVI. The variable parameters for these experiments are delineated in Table 
XII and Table XIV. Table XXVII lists the percent mass of REE detected in each individual 
leachate sample. In some experiments, a large amount of water-soluble REEs detected remained 
in the boat, suggesting that the supplemental chloride source aided in keeping the RECl in its 
chloride phase, but little of the chloride went into the vapor phase. Experiments HCl1 and FeCl1 
resulted in the greatest mass detected from the tube rinse leach, implying that the existing RECl 
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entered the vapor phase, and was transported and recovered downstream. The overall masses 
accounting in the HCl1 and FeCl1 experiments were much lower than other experiments 
conducted with a supplemental chlorine source, where the majority of the RE mass was detected 
in the boat.  
Table XXVI: Percent of RE mass in leachate solutions for experiments conducted using supplemental Cl  
ID Supplemental Cl Source 
% of RE Mass in 
Leachate Solutions Comments 
HCl1 
HCl 
25.7%  
HCl2 75.0%  
HCl3 --- Did not analyze 
FeCl1 FeCl3 
23.1%  
CFeCl1 30.7%  
ClVAP2-Dy 
NH4Cl 
--- Did not analyze 
DVAP3-Ho 79.5%  
ClVAP1-Yb 45.9%  
ClVAP2-Yb 40.4%  
Table XXVII: Percent mass of RE distribution detected in each individual leachate solution 
  HCl1 HCl2 FeCl1 CFeCl1 DVAP3-Ho ClVAP1-Yb ClVAP2-Yb 
Boat Leach 3.0% 97% 10% 92% 98% 99% 95% 
Plug Leach 1.0% <0.1% 3.0% 0.2% <0.1% <0.1% <0.1% 
TR Leach 67% 3.0% 78% 7.0% 2.0% 1.0% <0.1% 
Scrubber 1 21% <0.1% 4.0% <0.1% <0.1% <0.1% <0.1% 
Scrubber 2 8.0% <0.1% 5.0% <0.1% <0.1% <0.1% <0.1% 
Desiccant --- --- --- --- <0.1% <0.1% 5.0% 
HCl1 and FeCl1 experiments may have had higher mass of REs detected downstream 
because the temperature set point was higher (1100°C) compared to the other experiments 
discussed in this section. The small amount of RE detected in the boat in HCl1 and FeCl1 
compared to the tube rinse suggests that the material remaining in the boat was an insoluble 
phase, such as an oxide or oxychloride. Higher temperature may have vaporized more of the 
chloride, but any oxygen in the system would have caused the material in the boat to revert to an 
insoluble phase. The ClVAP2-Yb experiment was also conducted at higher temperature 
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(1050°C) however, YbCl3 has a relatively low vapor pressure compared to other rare earth 
elements, so it is possible that the temperature was not high enough for YbCl3 to enter the vapor 
phase. 
The two experiments that had the highest amount of REs detected in the leachate 
solutions, HCl2 and DVAP3-Ho, had intermediate hold temperatures of 420°C and 250°C, 
respectively. Some experiments were held at temperatures varying from 100-420°C in an attempt 
to remove the waters of hydration. The TGA/DTA studies should be reevaluated and used to 
identify (mass loss and endotherms) the temperatures at which the waters of hydration are 
released. Removing waters of hydration prior to reaching the vaporization temperature may 
mitigate the potential for oxychloride formation by purging the system of the H2O(g) produced by 
the reaction.   
5.5. Bromide Volatilization 
 MTI OTF-1100X Experiments 
Initial rare earth bromide volatilization experiments were conducted in a single zone MTI 
OTF-1100X furnace. Initial experiments were conducted on arbitrarily chosen rare earth 
bromides. From preliminary experiments, observation was used to determine if the rare earth 
bromides appeared to have vaporized. For example, in experiments BrSep3-Nd, Tb and BrSep1-
Ho, Ce, neodymium bromide and cerium bromide appeared to have vaporized, leaving an empty 
spot in the boat, and terbium bromide and holmium bromide did not appear to have vaporized. 
The before and after pictures of the boats showing the removal of neodymium and cerium 
bromide, and the retention of terbium and holmium bromide are presented in Figure 51 and 
Figure 52. Table XXVIII summarizes the percent RE mass in leachate solutions produced 
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following the experiments conducted in the MTI OTF-1100X single zone tube furnace. The 
parameters for the experiments can be referenced in Table XV and raw data is included in 
Appendix B. 
 
Figure 51: BrSep3-Nd, Tb boats before and after 
vaporization experimentation illustrating the 
removal of neodymium bromide and retention of 
terbium bromide 
 
Figure 52: BrSep1-Ho, Ce boats before and after 
vaporization experimentation illustrating the 
removal of cerium bromide and retention of 
holmium bromide 
Table XXVIII: Percent of RE mass detected in leach solutions for bromide experiments conducted in MTI 
OTF-1100X single zone tube furnace 
 
% of RE Mass in Leachate Solutions 
ID Nd Tb Ho Ce 
BrVAP1-Nd         
BrVAP2-Nd 54.4%       
BrVAP3-Nd 22.5%       
BrSep3-Nd,Tb 29.8% 4.9%     
BrSep1-Ho,Ce     21.9% 39.9% 
Based on observation of which rare earth bromides appeared to have vaporized, 
neodymium and cerium bromide were chosen for further experimentation. 
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 MTI OTF-1500X Experiments 
Experiments identified as BrSep-Dy, Gd, Tb and BrSep5-Nd, Ce, Tb were conducted 
simultaneously with the OTF-1100X furnace experiments. BrSep-Dy, Gd, Tb was not analyzed 
because rare earth vaporization was not apparent.  Additional investigation of rare earth bromide 
volatilization involving neodymium and cerium bromide were conducted in a MTI OTF-1500X 
three zone furnace. The percent of RE mass in leachate solutions for experiments conducted in 
the three zone tube furnace are tabulated in Table XXIX. Parameters for these experiments can 
be referenced in Table XVI and raw data is compiled in Appendix B. 
Table XXIX: Percent of RE mass in leachate solutions for bromide experiments conducted in MTI OTF-
1500X three zone tube furnace 
 
% of RE Mass in Leachate Solutions 
ID Nd Tb Ce 
BrSep5-Nd, Ce,Tb 44% 26% 51% 
Exp1 51%   47% 
Exp2 48%   48% 
Exp3 11%   13% 
Exp4 11%   15% 
Exp5 17%   13% 
Analyzing the data in Table XXIX and referring to the parameters summarized in Table 
XVI,  experiments identified as BrSep5-Nd, Ce, Tb, Exp1 and Exp2, had the highest amount of 
RE detected in the leachate solutions. BrSep5-Nd, Ce, Tb and Exp1 used preheated argon gas. In 
BrSep5-Nd, Ce, Tb, the boat was placed in the third zone of the three zone tube furnace. All 
three zones were set to 1000°C allowing for the argon gas to heat up before reaching the quartz 
combustion boat. In Exp1, the gas was preheated by first flowing argon gas through the MTI 
OTF-1100X furnace, coupled with the three zone furnace and set to 920°C, and then reacting 
with the boat in the first zone of the three zone furnace set to 900°C. Stainless steel wool was 
packed in the center of the OTF-1100X tube furnace to mix the gas. During Exp1, the o-rings 
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sealing the ends of the tube melted because the tube was not long enough to extend through the 
two adjoined furnaces and the end caps touching the outside of the 1100X furnace. Melting of 
the o-rings could potentially break the seal on the ends of the furnace, so the 1100X furnace used 
for preheating gas was removed for further experimentation. It is possible that during Exp1 when 
the o-rings melted, the seal on the tube was not broken, but a greater seal was created on the tube 
and oxygen was not let into the system. New o-rings were used for Exp2, but the same o-rings 
used for Exp2 were used for Exps3-5. It is probable that as experimentation continued, o-rings 
used to seal the tube stretched out with each experiment, potentially allowing for oxygen to enter 
the system. If further fundamental analysis is conducted, preheated argon gas and new o-rings 
should be used for each experiment, which is costly ($11.98/o-ring pair) [31].  
Thermodynamic modelling predicted that volatilization of neodymium bromide would 
occur between 675°C and 940°C and volatilization of cerium bromide would occur between 
715°C and 1035°C (Figure 32). Figure 53 plots the temperature profile of Exp2 and the mass of 
RE in each sample section. The stacked bar graphs indicate the percent of individual REs in the 
total mass of RE detected in leachate solutions for each sample. Similar graphs for Exp1-5 are 
attached in Appendix B. The color of the sample and the distance in which they were collected is 
listed in Table XXX.  
Table XXX: Exp2 sampling observation summary 
Sample Color Distance from Outlet End (in) 
I White 0-7.5 
II Yellow/Green-stained 7.5-12 
III Yellow 12-15 
IV Cloudy White 15-24 
TR   24-33 
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Figure 53: Exp2 temperature gradient and corresponding leachate sample analysis results 
Figure 53 suggests that there is some degree of selectivity when vaporizing and 
condensing rare earth elements. Neodymium and cerium bromide have some overlap in 
temperature in which they are expected to vaporize. Neodymium bromide is slightly more 
volatile than cerium bromide. Once in the vapor phase, NdBr3 and CeBr3 were carried 
downstream by argon and condensed in a gradient as the temperature decreased. Neodymium is 
at least two times more likely than cerium to be collected downstream in the furnace. The 
prediction of temperature ranges in which these rare earth bromides are expected to vaporize 
may be slightly lower than the actual temperature in which they enter the vapor phase. 
Neodymium is expected to remain volatile from 675-940°C, but neodymium was detected in 
samples taken where the temperature was approximately 820°C. Samples were taken over 
several inches, so the neodymium could have condensed at a temperature from 650-820°C. 
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Taking samples every inch would provide better knowledge of condensation zones, 
temperatures, and selectivity. 
In Exp1 and Exp2, when it is believed that the furnace seal was intact, nearly all of the 
mass of RE that was put into the system was accounted for and detected in the leachate solutions.  
Table XXXIV is the mass accounting tables for Exp1 and Exp2.  Again, a significant amount of 
rare earth was detected in the boat. The unaccounted mass could be due to waters of hydration, 
because hydrated rare earth bromides were used. In experiments Exp3-5, it was assumed that the 
o-rings on the furnace had loosened with use, allowing oxygen into the system. Exp3-5 had 
>70% RE mass that was not accounted for. Additional accounting tables are attached in 
Appendix B.
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Table XXXI: Mass accounting table for Exp1 and Exp2 
 
Exp1 Exp2 
Input Input Mass (g) %RE Mass (g) Distribution 
Input 
Mass (g) %RE Mass (g) Distribution 
CeBr3 1.0347 0.368892 0.381692552 49% 0.9913 0.368892 0.36568264 49% 
NdBr3 1.0668 0.375672 0.40076689 51% 0.9943 0.375672 0.37353067 51% 
Total 2.1015   0.782459442 100% 1.9856   0.739213309 100% 
                  
Output     Mass (g) Distribution     Mass (g) Distribution 
Insoluble     0.1287 12%     0.1226 21% 
Soluble     0.918 88%     0.4566 79% 
Total Residue     1.0467 100%     0.5792 100% 
                  
    mg/L Mass (g) Distribution   mg/L Mass (g) Distribution 
Boat Leach   319 0.319 83%   147.7 0.1477 42% 
TR Leach   61.9 0.0619 16%   39.6 0.0396 11% 
Sample I   0.55 0.00055 0%   7.19 0.00719 2% 
Sample II   0.76 0.00076 0%   29.7 0.0297 8% 
Sample III   0 0 0%   40.2 0.0402 11% 
Sample IV   0 0 0%   55.3 0.0553 16% 
Desiccant   0 0 0%   0.9 0.0009 0% 
Scrubber 1   1.176 0.001176 0%   18.9 0.0189 5% 
Scrubber 2   0.126 0.000126 0%   13.986 0.013986 4% 
Total Mass (g)   383.512 0.383512 100%   353.476 0.353476 100% 
Percent Unaccounted Mass RE -0.5% 
   
3.3% 
Percent Total Unaccounted Mass   34.5%       -26.2% 
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Non-volatile materials remaining in the boat following the bromide vaporization 
experiments were analyzed using XRD. X-ray diffraction patterns exhibited peak broadening and 
packing and were inconclusive. It is possible that when the boats were leached, they formed a 
hydrated complex with water, causing the material to be suspended in water. The sample 
complexity is beyond what the XRD is capable of analyzing and should either be analyzed on a 
heated stage or evaluated using a different method. XRD patterns for bromide vaporization 
experiments are compiled in Appendix B. 
5.5.2.1. Bromination Volatilization of RE Ores and Concentrates 
In a three zone MTI OTF-1500X tube furnace, rare earth bearing ores and concentrates 
were brominated at a 6g:1g mass ratio of NH4Br to rare earth bearing material. Following each 
experiment, samples were taken using based on observation of condensate color using a foam 
swab and water. Leachate samples were analyzed for the four most prominent rare earths 
contained in the rare earth bearing material: cerium, praseodymium, neodymium, and lanthanum 
(Table XIX). The percent of RE mass detected in the leachate samples are tabulated in Table 
XXXII. The parameters for the ore and concentrate experiments can be referred to in Table XX 
and raw data is in Appendix B. 
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Table XXXII: Percent of RE mass in leachate solutions for experiments conducted with rare earth bearing 
ores and concentrates 
 % RE Mass in Leachate Solutions 
Sample Ce Pr Nd La 
RE1-1 26% 13% 15% 28% 
RE1-2 4% 2% 4% 5% 
RE1-3 1% 1% 2% 1% 
RE2-1 11% 7% 7% 12% 
RE2-2 3% 2% 2% 3% 
RE5-1 0% 0% 1% 0% 
RE6-1 3% 1% 2% 5% 
RE6-2 2% 1% 2% 5% 
RE1-1and RE2-1 had the highest mass of RE detected in the leachate solutions. Again, 
these were the first two experiments conducted after the o-rings sealing the ends of the furnace 
were replaced. It is possible that other RE experiments did not have a good furnace seal due to o-
rings loosening and becoming worn out.  
Excess ammonium bromide was used in all experiments to account for gangue 
bromination. The ammonium bromide appeared to have condensed in the cool region 
immediately outside the furnace, which could have hindered argon flow and pressurized the 
system. Many of the RE experiments became so pressurized that the o-ring seals on the end of 
the furnace would pop off upon cooling. A pressurized system would allow for the o-ring seal to 
“pulse” letting oxygen into the system and then resealing upon release of the built-up pressure. 
The vaporization curves for the rare earth elements most prominent in the ore and 
concentrate samples are illustrated in Figure 54. Vaporization curves suggest that cerium 
bromide and lanthanum bromide are not amenable to selective separation due to their similar 
vapor pressures. Theoretically, it would be expected that neodymium and praseodymium would 
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be discovered further downstream in the cooler regions of the furnace (Zones 3-5), and 
lanthanum and cerium would be found together in the warmer regions of the furnace (Zones 2 
and 3). 
 
Figure 54: Vaporization curves rare earth bromides most prominent in the ore and concentrate samples in an 
argon atmosphere of 10,000 kmol 
Figure 55 plots the temperature profile used in RE2-1 with stacked bar graphs indicating 
the amount of individual REs in the overall mass of REs detected in the leachate solutions. The 
observed color of each sample and the distances in which they were taken from the outlet end of 
the furnace are listed in Table XXXIII.  
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Table XXXIII: RE2-1 sampling observation summary 
Sample Color Distance (in) 
I White/Red 0-6 
II White/Orange 6-11 
III Red/White 11-14 
IV Red Sparkly 14-24 
V Red/Yellow/Gray 24-34 
TR Red/White (inlet) 34-53 
 
Figure 55: RE2-1 temperature gradient and corresponding leachate sample analysis results 
Figure 55 indicates that there is some degree of selective separation when bromidizing, 
vaporizing, and condensing rare earth elements contained in natural ores and concentrates, 
however, the selectivity does not precisely conform with the vapor pressures of the four principal 
rare earth elements (cerium, lanthanum, neodymium, and praseodymium) in the samples. 
Neodymium bromide has the highest vapor pressure of the main rare earths contained in the ore 
and concentrate samples. Consequently, it was expected that neodymium bromide would remain 
in the gas state as it was transported through the higher temperature zones and preferentially 
condense in the cooler regions of the furnace. Instead, neodymium was found in samples taken 
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along the entire temperature range. Cerium bromide and lanthanum bromide have relatively low 
vapor pressures (and their vapor pressure curves are nearly identical), so it was expected that 
they would condense together in the higher temperature regions of the furnace (Zones 2 and 3) 
immediately downstream of Zone 1, where the sample boats were placed. Indeed, lanthanum was 
found in the samples taken from the Zones 2 and 3 but cerium was only found in the Zone 3 
sample. Cerium was also detected further downstream in Zone 5, the coldest zone that was 
sampled. Praseodymium bromide, which has an “intermediate” vapor pressure curve that exists 
between those of neodymium bromide and cerium bromide was not detected in any of the 
leachate solutions suggesting that no praseodymium bromide entered the vapor state during the 
experiment. In RE2-2, praseodymium was detected in the leachate solutions in trace amounts, 
which could be attributed to carryover by the carrier gas. RE2-2 was the only experiment in 
which any praseodymium was detected in the leachate solutions. 
Condensed matter, identified as the TR sample, also accumulated on the cool inner 
surface of the exposed tube at the inlet end of the furnace, which extended 45-55 inches from the 
outlet (10” section of tube extending outside of the inlet of the furnace). If a preheated gas was 
used, it would be unlikely that this phenomenon would occur and all rare earth elements would 
be found downstream. 
Non-volatile materials remaining in the boat after the bromination and volatilization ore 
and concentrate experiments were analyzed using X-ray Fluorescence (XRF). The original ore 
and concentrate feed samples were also analyzed using XRF. The raw data for the boat residues 
and feed samples are attached in Appendix B. XRF analysis detected much higher concentrations 
than ICP, SEM, and MLA analysis conducted by Carter [13] of the four rare earth elements of 
interest. The XRF data was interpreted and input and output masses of rare earth elements were 
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calculated. The data in Table XXXIV represent the initial mass of rare earth in the rare earth ores 
and concentrate samples and the mass of rare earth in the boat residue as determined by XRF 
analysis, and the mass of rare earth in the leachate samples, as determined by ICP analysis. The 
values in the table comprise the total accounted mass for the four rare earth elements of interest 
(cerium, praseodymium, lanthanum, and neodymium). The accounted mass data for each of the 
four individual rare earth elements of interest are defined in Appendix B.  
Table XXXIV: RE mass accounting table for experiments conducted on rare earth ores and concentrates 
ID 
Input 
Mass 
RE (g) 
Mass of RE 
in Residue 
(g) 
Mass of RE 
in Leachate 
Solutions (g) 
Total 
Output RE 
Mass (g) 
Unaccounted 
Mass of RE 
(g) 
Percent 
Unaccounted 
Mass of RE 
RE1-1 4.5681 2.7026 0.5369 3.2395 1.3285 29% 
RE1-2 4.9304 2.8543 0.1063 2.9606 1.9698 40% 
RE1-3 4.4185 2.7970 0.0236 2.8206 1.5979 36% 
RE2-1 5.0076 2.8898 0.2591 3.1489 1.8587 37% 
RE2-2 4.8947 2.6507 0.0620 2.7127 2.1820 45% 
RE5-1 0.8274 0.6453 0.0003 0.6455 0.1818 22% 
RE6-1 1.5705 1.1193 0.0000 1.1193 0.4511 29% 
RE6-2 1.5810 1.1743 0.0297 1.2040 0.3770 24% 
 
A high percentage of rare earth mass was not accounted for in experiments performed 
with natural ores and concentrates. Mass of rare earth elements in the boat residue after leaching 
ranged from 54-78% of the total mass of RE found post experimentation. The large percentage is 
likely due to the rare earth elements forming an insoluble phase or not being fully converted to a 
bromide.  
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 Conclusions 
Theoretically, rare earth halides are reasonably amenable to selective separation utilizing 
vapor phase extraction and controlled condensation. The study is considered to be a qualified 
success in that, although significant problems were encountered with vaporizing the rare earth 
halides, the rare earth halides that did enter the vapor phase during experimentation condensed 
downstream in the cooler ends of the furnace with some degree of selectivity. Rare earth 
chlorination and bromination using ammonium halides (NH4Cl and NH4Br) have been 
demonstrated to be robust processes that would be an effective pretreatment for 
hydrometallurgical extraction. Greater than 90% rare earth element extraction efficiencies were 
achieved when calcine samples produced by roasting ore and concentrate samples under 
optimum conditions were leached in water. 
Due to the extreme sensitivity of the vaporization and condensation process to oxygen 
and moisture, operation at near atmospheric pressure does not currently appear to present a 
commercially viable means of extracting and refining rare earth elements. The results of this 
study show that practical applications are limited by the extremely high affinity rare earth 
elements have for oxygen and moisture. Much of the difficulty encountered with vaporizing rare 
earth halides is attributed to the hygroscopic nature of these compounds. At elevated 
temperatures (i.e. above the temperature range in which the halidization step is conducted), the 
water of hydration reacts with the rare earth halides to form oxyhalides, oxides, or other 
insoluble phases. It may be possible to enhance rare earth volatilization by conducting the vapor 
phase extraction step under vacuum; however, further experimentation would need to be 
conducted to establish process conditions and determine if it is economically feasible.  
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 Recommendations 
 TGA/DTA Trials 
TGA/DTA experiments should be repeated using heating rates lowered to 10°C/min in 
order to obtain a better understanding of the dehydration of the rare earth halides. Since water is 
a product of the chlorination/bromination reactions, introducing moisture and oxygen into the 
system, the endotherms on the DTA plot could be used to determine furnace hold temperatures to 
eliminate water from the system before reaching the vaporization temperature. The TGA/DTA 
analysis apparatus should be examined for any possible oxygen leaks and should be run under an 
argon purge to evacuate oxygen from the system. An O2/moisture in line gas filter should also be 
installed on the argon line to remove any trace amounts of impurities. 
 Experimental Set-up 
Further fundamental experiments should be conducted in a vacuum using anhydrous rare 
earth halides and preheated gas. A five zone tube furnace could be used to pre-heat the argon 
gas. The first zone of the furnace could have media with high surface area to mix the gas. The 
sample boat could be placed in the second zone and the remaining three zones could be set to 
temperatures that provide broad condensation regions. The tube used in the five zone furnace 
should be long enough to prevent the O-rings from melting. O-rings that seal the furnace end 
caps should be replaced each experiment to ensure that a good seal is achieved and no oxygen 
can enter the system.  
The sampling method could be improved by using a tube-in-tube experimental setup. A 
tube-in-tube setup would require the interior tube to have a slightly smaller outer diameter (OD) 
than the inner diameter (ID) of the furnace tube. A slightly smaller outer diameter would ensure 
that material would condense inside the interior tube. If the outer diameter of the interior tube is 
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significantly smaller than the inner diameter of the exterior tube, material is likely to condense 
between the two tubes, making it difficult to recover condensate. Each interior tube section could 
be a length of one inch and the condensate could be leached from the tube sections individually 
to provide greater knowledge of the condensation zones and selectivity. A schematic of the 
suggested tube-in-tube experimental setup is illustrated in Figure 56 and Figure 57.  
 
Figure 56: Schematic of tube-in-tube setup-OD of 
the interior tube slightly smaller than the ID of the 
exterior tube, allowing material to condense on the 
interior tube 
 
Figure 57: Schematic of tube-in-tube setup-OD of 
the interior tube much smaller than the ID of the 
exterior tube, causing material to condense between 
the two tubes 
 Further Experimentation 
Hydration studies should be conducted on rare earth halides used in experimentation to 
determine actual amount of RE present. Because rare earth halides are so susceptible to oxygen 
and moisture, the mass of RE in rare earth halides is unknown. Each time a bottle of rare earth 
halide was opened, it likely gained mass in waters of hydration. The mass that is unaccounted for 
in each experiment could be water loss, depending on how the chemical was stored and how 
many times the bottle was opened. To conduct hydration studies, a known mass of rare earth 
halide could be dissolved in a known volume of water. The solution could be analyzed using ICP 
for the RE in the compound. 
Further fundamental experiments should be conducted using HCl as the chlorine source. 
Experiments conducted with supplemental Cl sources had the highest amount of rare earth 
elements detected in the leachate solutions. Using pure HCl gas would provide supplemental 
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chloride ions throughout the entire temperature range of the experiment. Ammonium chloride 
could be used in conjunction with the HCl to assist in chlorination of the oxide, but HCl is 
needed as an additional chloride source for temperatures above which all of the ammonium 
chloride has volatilized. If a higher temperature is attained, more of the chlorides may go into the 
vapor phase rather than remaining in the boat. 
Extensive studies need to be conducted on the rare earth bromide system. Literature 
resources and thermodynamic data on the intermediate phases of rare earth bromides are scarce. 
XRD patterns of the bromide residue remaining in the boat after leaching were inconclusive, so 
further research should be conducted to determine the phases that can exist. 
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 Appendix A: Theoretical Diagrams and Data 
9.1. RECl Phase Stability Diagrams 
 Cerium 
 
Figure 58: Phase stability diagram for the Ce-O-Cl system at 330°C and 1atm total pressure 
 Dysprosium 
 
Figure 59: Phase stability diagram for the Dy-O-Cl system at 330°C and 1atm total pressure 
124 
 
 
 Erbium 
 
Figure 60: Phase stability diagram for the Er-O-Cl system at 330°C and 1atm total pressure 
 
 Europium 
 
Figure 61: Phase stability diagram for the Eu-O-Cl system at 330°C and 1atm total pressure 
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 Gadolinium 
 
Figure 62: Phase stability diagram for the Gd-O-Cl system at 330°C and 1atm total pressure 
 
 Holmium 
 
Figure 63: Phase stability diagram for the Ho-O-Cl system at 330°C and 1atm total pressure 
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 Lanthanum 
 
Figure 64: Phase stability diagram for the La-O-Cl system at 330°C and 1atm total pressure 
 
 Lutetium 
 
Figure 65: Phase stability diagram for the Lu-O-Cl system at 330°C and 1atm total pressure 
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 Neodymium 
 
Figure 66: Phase stability diagram for the Nd-O-Cl system at 330°C and 1atm total pressure 
 
 Praseodymium 
 
Figure 67: Phase stability diagram for the Pr-O-Cl system at 330°C and 1atm total pressure 
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 Promethium 
 
Figure 68: Phase stability diagram for the Pm-O-Cl system at 330°C and 1atm total pressure 
 
 Samarium 
 
Figure 69: Phase stability diagram for the Sm-O-Cl system at 330°C and 1atm total pressure 
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 Terbium 
 
Figure 70: Phase stability diagram for the Tb-O-Cl system at 330°C and 1atm total pressure 
 
 Thulium 
 
Figure 71: Phase stability diagram for the Th-O-Cl system at 330°C and 1atm total pressure 
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 Ytterbium 
 
Figure 72: Phase stability diagram for the Yb-O-Cl system at 330°C and 1atm total pressure 
 
 Yttrium 
 
Figure 73: Phase stability diagram for the Y-O-Cl system at 330°C and 1atm total pressure 
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9.2. TGA/DTA Plots 
 Chlorides 
 
Figure 74: TGA/DTA plot for reagent grade cerium chloride hydrate 
 
Figure 75: TGA/DTA plot for reagent grade dysprosium chloride hydrate 
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Figure 76: TGA/DTA plot for reagent grade europium chloride hydrate 
 
 Bromides  
 
Figure 77: TGA/DTA plot for reagent grade cerium bromide hydrate 
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Figure 78: TGA/DTA plot for reagent grade lanthanum bromide hydrate 
 
Figure 79: TGA/DTA plot for reagent grade neodymium bromide hydrate 
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Figure 80: TGA/DTA plot for reagent grade praseodymium bromide hydrate 
9.3. Equilibrium Diagrams  
 Chlorides 
 
Figure 81: Equilibrium composition diagram of the cerium chloride system in an argon atmosphere used to 
determine stable species present 
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Figure 82: Equilibrium composition diagram of the dysprosium chloride system in an argon atmosphere used 
to determine stable species present 
 
Figure 83: Equilibrium composition diagram of the neodymium chloride system in an argon atmosphere used 
to determine stable species present 
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Figure 84: Equilibrium composition diagram of the europium chloride system in an argon atmosphere used 
to determine stable species present 
 
Figure 85: Equilibrium composition diagram of the neodymium chloride system in an argon atmosphere used 
to determine stable species present 
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Figure 86: Equilibrium composition diagram of the europium chloride system in an argon atmosphere used 
to determine stable species present 
 
Figure 87: Equilibrium composition diagram of the gadolinium chloride system in an argon atmosphere used 
to determine stable species present 
0 500 1000 1500 2000
-3
-2
-1
0
1
2
3
        
e: :\ SC  7 0 5\N C \ SC es\ u_N C .OG
C
Log(kmol)
Temperature
NH3(g)
HCl(g)
NH4Cl
H2O(g)
EuCl2
EuCl2(g)
Eu2O(g)
EuOCl
EuO(g)
EuCl3(g)
0 500 1000 1500 2000
-3
-2
-1
0
1
2
3
        
    
C
Log(kmol)
Temperature
NH3(g) HCl(g)NH4Cl
H2O(g)
GdOCl GdN
GdCl3
Gd2O3
Gd(OH)3
GdCl3(g)
GdO(g)
138 
 
 
Figure 88: Equilibrium composition diagram of the holmium chloride system in an argon atmosphere used to 
determine stable species present 
 
Figure 89: Equilibrium composition diagram of the samarium chloride system in an argon atmosphere used 
to determine stable species present 
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Figure 90: Equilibrium composition diagram of the ytterbium chloride system in an argon atmosphere used 
to determine stable species present 
 Bromides 
 
Figure 91: Equilibrium composition diagram of the neodymium bromide system in an argon atmosphere used 
to determine stable species present 
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Figure 92: Equilibrium composition diagram of the cerium bromide system in an argon atmosphere used to 
determine stable species present 
 
Figure 93: Equilibrium composition diagram of the lanthanum bromide system in an argon atmosphere used 
to determine stable species present 
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Figure 94: Equilibrium composition diagram of the praseodymium bromide system in an argon atmosphere 
used to determine stable species present 
 
 
Figure 95: Equilibrium composition diagram of the dysprosium bromide system in an argon atmosphere used 
to determine stable species present 
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Figure 96: Equilibrium composition diagram of the terbium bromide system in an argon atmosphere used to 
determine stable species present 
 
Figure 97: Equilibrium composition diagram of the holmium bromide system in an argon atmosphere used to 
determine stable species present 
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9.4. Vaporization Diagrams varying argon purge gas 
 Chlorination 
 
Figure 98: Vaporization curves for select rare earth chlorides in 100 kmol argon atmosphere 
 
 
Figure 99: Vaporization curves for select rare earth chlorides in 1,000 kmol argon atmosphere 
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 Bromination 
 
Figure 100: Vaporization curves for select rare earth bromides in 100 kmol argon atmosphere 
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Figure 101: Vaporization curves for select rare earth chlorides in 1,000 kmol argon atmosphere 
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  Appendix B: Raw Data 
10.1. Raw Data 
Table XXXV: Chlorination and vaporization experiment raw data part I 
CVAP1-Dy CVAP2-Dy CVAP3-Dy CVAP4-Dy CVAP4-Dy(4) CVAP5-Dy(2) CVAP6-Dy CVAP7-Dy CVAP8-Dy CVAP9-Dy(2) CVAP10-Dy
Mole Ratio 21:1 18:1 24:1 18:1 18:1 21:1 24:1 18:1 21:1 24:1 24:1
Chlorination Time 1 hr 4 hr 4 hr 1 hr 1 hr 2 hr 1 hr 4 hr 1 hr 2 hr 1 hr
Vaporization Time 4 hr 2 hr 2 hr 2 hr 2 hr 4 hr 4 hr 8 hr 4 hr 4 hr 4 hr
MOB (g) 25.8535 27.0491 26.5055 25.7732 26.7038 25.5416 26.6503 26.3620 27.0033 25.9729 27.078
Mass NH4Cl (g) 1.4268 1.2243 1.7287 1.2219 1.3109 1.4262 1.7255 1.2233 1.4261 1.7270 1.7238
MOB+NH4Cl (g) 27.2678 28.2335 28.2163 26.9722 28.0050 26.9611 28.3632 27.5799 28.4254 27.6893 28.7820
Mass Dy2O3 (g) 0.4968 0.4921 0.5062 0.5081 0.5029 0.5045 0.5018 0.5097 0.4988 0.5015 0.5055
MOB+NH4Cl+Dy2O3 (g) 27.7597 28.7238 28.7197 27.4781 28.5031 27.4656 28.8593 28.0876 28.9233 28.1859 29.2788
Scrubber Volume (mL) 100 500 500 100 200 200 200 400 500 400 200
MOB After Run (g) 26.2412 27.3862 26.8394 26.1626 27.0535 25.9218 27.0052 26.7346 27.3534 26.3313 27.4472
MOB After X-Ray (g) 26.2056 26.1167 26.9827 25.7363 26.9127 27.3397
Initial Mass Dy2O3 0.4919 0.4903 0.5034 0.5059 0.4981 0.5045 0.4961 0.5077 0.4979 0.4966 0.4968
Mass Dy in Dy2O3 (g) 0.4286 0.4272 0.4386 0.4408 0.4340 0.4396 0.4323 0.4424 0.4338 0.4327 0.4329
Final Mass Left in Boat (g) 0.3877 0.3371 0.3339 0.3894 0.3497 0.3802 0.3549 0.3726 0.3501 0.3584 0.3692
Percent Mass Remaining in Boat 78.82% 68.75% 66.33% 76.97% 70.21% 75.36% 71.54% 73.39% 70.32% 72.17% 74.32%
Dy in TR Leach [mg/L] 2.91 106 0 34.9 22.3 44 96.8 60.3 109 52.8 61.1
Dy in Scrubber 1 [mg/L] 3.95 10.1 11.2 18.9 27.8 19 23.8 11.3 11.1 17.3 8.43
Dy in Boat Leach [mg/L] 0.846
Dy in Plug Leach [mg/L] 3.82
Dy in Scrubber 2 [mg/L] 16
Tube Rinse (mL) 100 100 100 100 100 100 100 100 100 100 100
Scrubber 1 (mL) 100 500 500 100 200 200 200 400 500 400 250
Boat Leach (mL) 100
Plug Leach (mL) 200
Scrubber 2 (mL) 250
Total (mL) 0 0 0 0 0 0 0 0 0 0 900
Total (L) 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.9
Mass of RE in Solution (g) 0.000686 0.01645 0.01565 0.00538 0.00601 0.00916 0.01524 0.01363 0.01093 0.0122 0.0130661
% of Total RE Mass in Solution 0.16% 3.85% 3.57% 1.22% 1.38% 2.08% 3.53% 3.08% 2.52% 2.82% 3.02%
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Table XXXVI: Chlorination and vaporization experiment raw data part II 
 
DVAP1-Dy DVAP2-Ho VAP1-Yb VAP2-Yb
NH4Cl:REO Mole Ratio 24:1 24:1 24:1 24:1 
Furnace Program 100C/4hr, 330C/1hr 100C/4hr, 330C/1hr 320C/1hr 320C/1hr
Vaporization Time/Temp 4 hr/780°C 4 hr/900°C 4hr/750°C 4hr/750°C
MOB (g) 11.782 12.4207 42.2198 42.2385
Mass NH4Cl (g) 1.7542 1.844 1.7283 1.732
MOB+NH4Cl (g) 13.5343 14.2625 43.946 43.9678
Mass REO (g) 0.5014 0.5031 0.5032 0.5071
MOB+NH4Cl+REO (g) 14.0314 14.7561 44.4383 44.4726
Scrubber Volume (mL) 400 400 400 400
Mass Quartz Plug (g) 46.3494 45.7997 46.244 45.8029
MOB After Run (g) 12.409 12.9858 42.8171 42.7571
Mass Quartz Plug After (g) 46.3786 45.8215 45.8212 45.8204
Mass Boat Filter (g) 1.0913 1.1038 1.1544 1.1237
Mass Plug Filter (g) 0.5624 0.5817 0.5852 0.5832
Mass Tube Rinse Filter (g) 1.1689 1.1696 1.1124 1.1646
Mass Boat Filter After (g) 1.2888 1.1882 1.3326 1.3538
Mass Plug Filter After (g) 0.5585 0.5743 0.5768 0.5778
Mass Tube Rinse Filter After (g) 1.1769 1.1862 1.1187 1.1796
MOB After Leach (g) 11.8361 12.4732 42.2198 42.2385
Initial Mass REO/RECl (g) 0.4971 0.4936 0.4923 0.5048
Mass of RE in REO/RECl 0.4331 0.4309 0.4320 0.4430
Final Mass Left in Boat 0.627 0.5651 0.5973 0.5186
Percent Mass Remaining in Boat 126.13% 114.49% 121.33% 102.73%
Mass Leached from Boat 0.5729 0.5126 0.5973 0.5186
RE in Boat Leach [mg/L] 2110 1500 2420 1610
RE in Plug Leach [mg/L] 0.123 5.53 0 0
RE in TR Leach [mg/L] 66.3 216 0.12 0
RE in Desiccant [mg/L] 0.173 0 0 0
RE in Scrubber 1 [mg/L] 0 1.01 0 0
RE in Scrubber 2 [mg/L] 0 0 0 0
Boat (mL) 100 100 100 100
Plug Leach (mL) 100 100 200 200
Tube Rinse (mL) 100 100 100 100
Desiccant (mL) 200 200 100 100
Scrubber 1 (mL) 450 450 450 450
Scrubber 2 (mL) 450 450 450 450
Total (mL) 1400 1400 1400 1400
Total (L) 1.4 1.4 1.4 1.4
Mass of RE in Solution (g) 0.2176769 0.1726075 0.242012 0.161
% of Total RE Mass in Solution 50.26% 40.06% 56.02% 36.34%
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Table XXXVII: Carbochlorination raw data part I 
 
CCl1-Dy CCl1-2-Dy CCl2-2-Dy
NH4Cl:REO Mole Ratio 24:1 24:1
C:REO Mole Ratio 3:1 3:1
C:RECl Mole Ratio 3:1
Chlorination Time 1 hr 1 hr 1 hr
Vaporization Time/Temp 4 hr/1,100°C 4 hr/1,400°C 4 hr/1,400°C
MOB (g) 26.9093 26.8918 26.1814
Mass NH4Cl (g) 1.7257 1.74
MOB+NH4Cl (g) 28.6301 28.5946
Mass C (g) 0.0535 0.0551 0.1056
MOB+C (g) 26.283
Mass DyCl3 (g) 1.0091
MOB+C+DyCl3 (g) 27.2849
MOB+NH4Cl+C (g) 28.6817 28.654
Mass Dy2O3 (g) 0.4989 0.5046
MOB+NH4Cl+C+Dy2O3 (g) 29.1795 29.155
Scrubber Volume (mL) 200 200 200
Mass Alumina Plug (mL) 27.6097 25.0703 25.1423
MOB After Run (g) 27.3667 27.2049 26.5227
Mass Alumina Plug After (g) 27.5445 25.0792 24.9989
Mass Boat Filter (g) 0.1577 0.5831 0.5982
Mass Plug Filter (g) 0.5755 0.5872 0.6282
Mass Tube Rinse Filter (g) 0.6013 0.616 0.6018
Mass Boat Filter After (g) 0.4184 0.6194 0.7465
Mass Plug Filter After (g) 1.563 1.0805 1.0471
Mass Tube Rinse Filter After (g) 0.6279 0.6981 0.6156
MOB After Leach (g) 27.0896 27.1474 26.3564
Mass Alumina Plug After Leach (g) 26.4654 24.549 24.5942
Initial Mass Dy2O3 (g) 0.4978 0.501
Mass of Dy in Dy2O3 (g) 0.4337 0.4365
Final Mass Left in Boat (g) 0.4058 0.2537
Initial Mass DyCl3 (g) 1.0019
Mass of Dy in DyCl3 (g) 0.6124
Final Mass Left in Boat (g) 0.2397
Percent Mass Remaining in Boat 93.56% 58.12% 39.14%
Mass leached from Boat (g) 0.0164 0.0212 0.018
Boat (mg/L) 0.893 0 0
Tube Rinse (mg/L) 158 41.9 127
Plug Leach (mg/L) 1.24 3.99 0.64
Scrubber 1 (mg/L) 12.3 0.868 16.4
Scrubber 2 (mg/L) 5.57 0 10.8
Boat (mL) 100 100 100
Tube Rinse (mL) 100 100 100
Plug Leach (mL) 200 200 200
Scrubber 1 (mL) 250 250 250
Scrubber 2 (mL) 250 250 250
Total (mL) 900 900 900
Total (L) 0.9 0.9 0.9
Mass of RE in Solution (g) 0.0206048 0.005205 0.019628
% of Total RE Mass in Solution 4.75% 1.19% 3.21%
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Table XXXVIII: Carbochlorination raw data part II 
 
COCl1-Dy COVAP1-Dy
NH4Cl:REO Mole Ratio 24:1 Vaporization Time/Temp 4 hr/1,400°C
Chlorination Time 1 hr MOB (g) 26.5867
Vaporization Time/Temp 4 hr/1,400°C Mass DyCl3 (g) 0.5032
MOB (g) 27.1231 MOB+DyCl3 (g) 27.0895
Mass NH4Cl (g) 1.7382 Scrubber Volume (mL) 200
MOB+NH4Cl (g) 28.8067 Mass Alumina Plug (g) 45.802
Mass Dy2O3 (g) 0.5055 MOB After Run (g) 26.7536
MOB+NH4Cl+Dy2O3 (g) 29.3103 Mass Quartz Plug After (g) 45.8198
Scrubber Volume (mL) 200 Mass Boat Filter (g) 0.6052
Mass Alumina Plug (g) 24.4236 Mass Plug Filter (g) 0.6326
MOB After Run (g) 27.4735 Mass Tube Rinse Filter (g) 0.5785
Mass Alumina Plug After (g) 24.3215 Mass Boat Filter After (g) 0.7216
Mass Boat Filter (g) 0.5852 Mass Plug Filter After (g) 0.6259
Mass Plug Filter (g) 1.1333 Mass Tube Rinse Filter After (g) 0.5800
Mass Tube Rinse Filter (g) 1.143 MOB After Leach (g) 26.6232
Mass Boat Filter After (g) 0.6919 Initial Mass DyCl3 (g) 0.5028
Mass Plug Filter After (g) 1.5241 Mass Dy in DyCl3 (g) 0.3073256
Mass Tube Rinse Filter After  (g) 1.1609 Final Mass Left in Boat (g) 0.1669
Mass Scrubber 1 Filter After (g) 0.6183 Percent Mass Remaining in Boat 33.19%
 Mass Scrubber 2 Filter After (g) 0.5884 Mass Leached from Boat (g) 0.014
MOB After Leach (g) 27.3512 Dy in Boat Leach [mg/L] 0
Mass Alumina Plug After Leach (g) 23.9897 Dy in TR Leach [mg/L] 24.5
Initial Mass Dy2O3 (g) 0.5055 Dy in Plug Leach [mg/L] 0
Mass of Dy in Dy2O3 (g) 0.4405 Dy in Scrubber 1 [mg/L] 3.68
Final Mass Left in Boat (g) 0.3504 Dy in Scrubber 2 [mg/L] 1.74
Percent Mass Remaining in Boat 69.32% Boat (mL) 100
Mass Leached from Boat (g) 0.229 Tube Rinse (mL) 100
Dy in Boat Leach [mg/L] 0 Plug Leach (mL) 100
Dy in TR Leach [mg/L] 30.9 Scrubber 1 (mL) 250
Dy in Plug Leach [mg/L] 4.47 Scrubber 2 (mL) 250
Dy in Scrubber 1 [mg/L] 12.2 Total (mL) 800
Dy in Scrubber 2 [mg/L] 2.63 Total (L) 0.8
Boat (mL) 100 Mass of RE in Solution (g) 0.003805
Tube Rinse (mL) 100 % of Total RE Mass in Solution 1.24%
Plug Leach (mL) 100
Scrubber 1 (mL) 250
Scrubber 2 (mL) 250
Total (mL) 800
Total (L) 0.8
Mass of RE in Solution (g) 0.0072445
% of Total RE Mass in Solution 1.64%
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Table XXXIX: Carbochlorination experiment raw data part III 
 
CCOCl1-Ho CCOVAP1-Gd
Chlorination Time/Temp 1hr/340C Vaporization Time/Temp 4hr/1080°C
Vaporization Time/Temp 4hr/900°C MOB (g) 26.7413
MOB (g) 27.0791 Mass C (g) 0.0456
Mass NH4Cl (g) 1.7262 MOB+C (g) 26.7838
MOB+NH4Cl (g) 28.7954 Mass GdCl3 (g) 1.0106
Mass C (g) 0.0158 MOB+C+GdCl3 (g) 27.7873
Mass Ho2O3 (g) 0.504 Scrubber Volume (mL) 400
MOB+NH4Cl+C+Ho2O3 (g) 29.3106 Mass Quartz Plug (g) 46.351
Scrubber Volume (mL) 400 MOB After Run (g) 27.3163
Mass Quartz Plug (g) 45.8018 Mass Quartz Plug After (g) 46.3672
CO Flow (mL/min) 200 Mass Boat Filter (g) 0.632
MOB After Run (g) 27.619 Mass Plug Filter (g) 0.6211
Mass Quartz Plug After (g) 45.8768 Mass Tube Rinse Filter (g) 0.6202
Mass Boat Filter (g) 0.6118 Mass Boat Filter After (g) 1.118
Mass Plug Filter (g) 0.6194 Mass Plug Filter After (g) 0.6037
Mass Tube Rinse Filter (g) 0.6178 Mass Tube Rinse Filter After (g) 0.607
Mass Boat Filter After (g) 1.0358 MOB After Leach (g) 26.7362
Mass Plug Filter After (g) 0.6263 Initial Mass GdCl3 (g) 1.0035
Mass Tube Rinse Filter After (g) 0.6137 Mass of Gd in GdCl3 (g) 0.6055
MOB After Leach (g) 27.1772 Final Mass Left in Boat (g) 0.5325
Initial Mass Ho2O3 (g) 0.4994 Percent Mass Remaining in Boat 53%
Mass of Ho in Ho2O3 (g) 0.4360 Mass Leached from Boat (g) 0.0941
Final Mass Left in Boat (g) 0.5399 Gd in Boat Leach [mg/L] 436
Percent Mass Remaining in Boat 108% Gd in Plug Leach [mg/L] 0.334
Mass Leached from Boat (g) 0.0178 Gd in TR Leach [mg/L] 0.158
Ho in Boat Leach [mg/L] 75.1 Gd in Scrubber 1 [mg/L] 0.002
Ho in Plug Leach [mg/L] 0.225 Gd in Scrubber 2 [mg/L] 0
Ho in TR Leach [mg/L] 28 Boat (mL) 100
Ho in Scrubber 1 [mg/L] 0.626 Tube Rinse (mL) 100
Ho in Scrubber 2 [mg/L] 0.124 Plug Leach (mL) 100
Boat (mL) 100 Scrubber 1 (mL) 450
Tube Rinse (mL) 100 Scrubber 2 (mL) 450
Plug Leach (mL) 100 Total (mL) 1200
Scrubber 1 (mL) 450 Total (L) 1.2
Scrubber 2 (mL) 450 Mass of RE in Solution (g) 0.0437
Total (mL) 1200 % of Total RE Mass in Solution 7.21%
Total (L) 1.2
Mass of RE in Solution (g) 0.0107
% of Total RE Mass in Solution 2.45%
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Table XL: HCl experiment raw data 
 
HCl1-Dy HCl2-Dy HCl3-Dy
NH4Cl:REO Mole Ratio 24:1 24:1
Chlorination Time 1 hr 1 hr
Vaporization Time/Temp 4 hr/1,100°C 4 hr/850°C 4 hr/850°C
MOB (g) 15.9483 10.6081 10.9046
Mass NH4Cl (g) 1.7425 1.7261
MOB+NH4Cl (g) 17.688 12.3329
Mass Dy2O3 (g) 0.5005 0.501
Mass DyCl3 (g) 2.0004
MOB+DyCl3 (g) 12.9111
MOB+NH4Cl+Dy2O3 (g) 18.1868 12.82
Scrubber Volume (mL) 400 400 400
Mass Quartz Plug (g) 46.3408 46.3475 46.3606
MOB After Run (g) 16.2688 11.2728 12.061
Mass Quartz Plug After (g) 46.4114 46.4151 46.3772
Mass Boat Filter (g) 0.5751 1.1348 1.1353
Mass Plug Filter (g) 0.5896 1.0918 0.5757
Mass Tube Rinse Filter (g) 0.5827 1.0963 1.6578
Mass Tube Rinse 2 Filter (g) 0.5819
Mass Boat Filter After (g) 0.564 1.1608 1.8083
Mass Plug Filter After (g) 0.58 1.082 0.5674
Mass Tube Rinse Filter After (g) 0.5932 1.1082 1.6427
Mass Tube Rinse 2 Filter After (g) 0.5702
MOB After Leach (g) 16.2584 10.7051 10.916
Initial Mass Dy2O3 (g) 0.4988 0.4871
Mass of Dy in Dy2O3 (g) 0.4346 0.4244
Initial Mass of DyCl3 (g) 2.0065
Mass of Dy in DyCl3 1.226429625
Final Mass Left in Boat (g) 0.3205 0.6647 1.1564
Percent Mass Remaining in Boat 64.25% 136.46% 57.6%
Mass Leached from Boat (g) 0.0104 0.5677 1.145
Dy in Boat Leach [mg/L] 35.9 3080
Dy in Plug Leach [mg/L] 9.81 2.8
Dy in TR Leach [mg/L] 711 98.3
Dy in TR 2 Leach [mg/L] 37.2
Dy in Scrubber 1 [mg/L] 52.6 0.363
Dy in Scrubber 2 [mg/L] 18.7 0.054
Boat (mL) 100 100 100
Tube Rinse (mL) 100 100 100
Tube Rinse 2 (mL) 100
Plug Leach (mL) 100 100 100
Scrubber 1 (mL) 450 450 450
Scrubber 2 (mL) 450 450 450
Total (mL) 1300 1200 1200
Total (L) 1.3 1.2 1.2
Mass of RE in Solution (g) 0.111476 0.31829765
% of Total RE Mass in Solution 25.65% 75.00%
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Table XLI: FeCl3 experiment raw data 
 
FeCl1-Dy CFeCl1-Dy
NH4Cl:REO Mole Ratio 24:1 NH4Cl:REO Mole Ratio 24:1
Chlorination Time 1 hr Chlorination Time 1 hr
Vaporization Time/Temp 4 hr/1,100°C Vaporization Time/Temp 12 hr/850°C
MOB (g) 17.9488 MOB (g) 18.6966
Mass NH4Cl (g) 1.759 Mass NH4Cl (g) 1.7274
MOB+NH4Cl (g) 19.6895 MOB+NH4Cl (g) 20.4184
Mass FeCl3 (g) 0.5052 Mass FeCl3 (g) 0.5074
MOB+NH4Cl+FeCl3 (g) 20.1784 MOB+NH4Cl+FeCl3 (g) 20.8906
Mass Dy2O3 (g) 0.5017 Mass C (g) 0.0453
MOB+NH4Cl+FeCl3+Dy2O3 (g) 20.1784 MOB+NH4Cl+FeCl3+C (g) 20.9321
Scrubber Volume (mL) 400 Mass Dy2O3 (g) 0.506
Mass Quartz Plug (g) 46.352 MOB+NH4Cl+FeCl3+C+Dy2O3 (g) 21.4311
MOB After Run (g) 18.3228 Scrubber Volume (mL) 400
Mass Quartz Plug After (g) 46.4681 Mass Quartz Plug (g) 46.3577
Mass Boat Filter (g) 1.1953 MOB After Run (g) 19.3211
Mass Plug Filter (g) 0.6001 Mass Quartz Plug After (g) 46.4997
Mass Tube Rinse Filter (g) 1.1393 Mass Boat Filter (g) 1.1699
Mass Scrubber 1 Filter (g) 0.6037 Mass Plug Filter (g) 0.5753
Mass Boat Filter After (g) 1.3338 Mass Tube Rinse Filter (g) 1.1277
Mass Plug Filter After (g) 0.6007 Mass Boat Filter After (g) 1.4223
Mass Tube Rinse Filter After (g) 1.1393 Mass Plug Filter After (g) 0.571
Mass Scrubber 1 Filter After (g) 0.6001 Mass Tube Rinse Filter After (g) 1.1317
MOB After Leach (g) 18.155 MOB After Leach (g) 18.8386
Initial Mass Dy2O3 (g) 0.4889 Initial Mass Dy2O3 (g) 0.499
Mass of Dy in Dy2O3 (g) 0.4260 Mass of Dy in Dy2O3 (g) 0.4348
Final Mass Left in Boat (g) 0.374 Final Mass Left in Boat (w/o C) 0.583
Percent Mass Remaining in Boat 76.50% Percent Mass Remaining in Boat 116.83%
Mass Leached from Boat (g) 0.3063 Mass Leached from Boat 0.7349
Dy in Boat Leach [mg/L] 95.4 Dy in Boat Leach [mg/L] 1230
Dy in Plug Leach [mg/L] 26.4 Dy in Plug Leach [mg/L] 2.8
Dy in TR Leach [mg/L] 770 Dy in TR Leach [mg/L] 98.3
Dy in Scrubber 1 [mg/L] 9.95 Dy in Scrubber 1 [mg/L] 0.363
Dy in Scrubber 2 [mg/L] 10.7 Dy in Scrubber 2 [mg/L] 0.054
Boat (mL) 100 Boat (mL) 100
Tube Rinse (mL) 100 Tube Rinse (mL) 100
Plug Leach (mL) 100 Plug Leach (mL) 100
Scrubber 1 (mL) 450 Scrubber 1 (mL) 450
Scrubber 2 (mL) 450 Scrubber 2 (mL) 450
Total (mL) 1200 Total (mL) 1200
Total (L) 1.2 Total (L) 1.2
Mass of RE in Solution (g) 0.0984725 Mass of RE in Solution (g) 0.13329765
% of Total RE Mass in Solution 23.12% % of Total RE Mass in Solution 30.66%
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Table XLII: NH4Cl experiment raw data 
 
DVAP3-Ho ClVAP1-Yb ClVAP2-Yb
NH4Cl:REO Mole Ratio 24:1 NH4Cl:RECl Mole Ratio 24:1 24:1 
Furnace Program 100C/4hr, 420C/1hr Furnace Program 100C/4hr, 320C/1hr 100C/4hr, 320C/1hr
Vaporization Time/Temp 4 hr/900°C Vaporization Time/Temp 4hr/900°C 4hr/1050°C
MOB (g) 11.9741 MOB (g) 42.2595 42.2499
Mass NH4Cl (g) 2.396 Mass NH4Cl (g) 2.2767 2.3201
MOB+NH4Cl (g) 14.2933 MOB+NH4Cl (g) 44.4879 44.5606
Mass HoCl3 (g) 0.5044 Mass YbCl3 (g) 0.5022 0.5
MOB+NH4Cl+HoCl3 (g) 14.7936 MOB+NH4Cl+YbCl3 (g) 44.9834 45.0596
Scrubber Volume (mL) 400 Scrubber Volume (mL) 400 400
MOB After Run (g) 12.2886 Mass Quartz Plug (g) 44.2552 44.2476
Mass Quartz Plug After (g) 45.8212 MOB After Run (g) 42.5461 42.5148
Mass Boat Filter (g) 0.578 Mass Quartz Plug After Run (g) 44.2648 44.2646
Mass Plug Filter (g) 0.5898 Mass Boat Filters (g) 1.7722 1.2002
Mass Tube Rinse Filter (g) 1.1299 Mass Plug Filter (g) 0.5717 0.5814
Mass Boat Filter After (g) 0.5907 Mass Tube Rinse Filter (g) 1.0936 1.0946
Mass Plug Filter After (g) 0.5831 Mass Boat Filters After (g) 1.8149 1.227
Mass Tube Rinse Filter After (g) 1.1478 Mass Plug Filter After (g) 0.5616 0.568
MOB After Leach (g) 12.0018 Mass Tube Rinse Filter After (g) 1.0983 1.099
Initial Mass HoCl3 (g) 0.5003 MOB After Leach (g) 42.2595 42.2499
Mass of Ho in HoCl3 0.3076 Initial Mass YbCl3 (g) 0.4955 0.499
Final Mass Left in Boat 0.3145 Mass Yb in YbCl3 (g) 0.3095 0.3117
Percent Mass Remaining in Boat 62.86% Final Mass Left in Boat (g) 0.2866 0.2649
Mass Leached from Boat 0.2868 Percent Mass Remaining in Boat 57.84% 53.09%
Ho in Boat Leach [mg/L] 2390 Mass Leached from Boat (g) 0.2866 0.2649
Ho in Plug Leach [mg/L] 2.04 Yb in Boat Leach [mg/L] 1410 1260
Ho in TR Leach [mg/L] 45.7 Yb in Plug Leach [mg/L] 0.01 0.2
Ho in Desiccant [mg/L] 0.02 Yb in TR Leach [mg/L] 10.4 0.4
Ho in Scrubber 1 [mg/L] 0.78 Yb in Desiccant [mg/L] 0 31.9
Ho in Scrubber 2 [mg/L] 0.59 Yb in Scrubber 1 [mg/L] 0 0
Boat (mL) 100 Yb in Scrubber 2 [mg/L] 0 0
Tube Rinse (mL) 100 Boat (mL) 100 100
Desiccant (mL) 200 Tube Rinse (mL) 100 100
Plug Leach (mL) 100 Desiccant (mL) 200 200
Scrubber 1 (mL) 450 Plug Leach (mL) 100 100
Scrubber 2 (mL) 450 Scrubber 1 (mL) 450 450
Total (mL) 1400 Scrubber 2 (mL) 450 450
Total (L) 1.4 Total (mL) 1400 1400
Mass of RE in Solution (g) 0.2443945 Total (L) 1.4 1.4
% of Total RE Mass in Solution 79.46% Mass of RE in Solution (g) 0.142041 0.13244
% of Total RE Mass in Solution 45.89% 42.49%
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Table XLIII: BrVAP-Nd raw data 
 
BrVAP1-Nd BrVAP2-Nd BrVAP3-Nd
Vaporization Time/Temp 4hr/750°C 4hr/750°C 8hr/1000°C
MOB (g) 12.2008 41.5958 42.2678
Mass NdBr3 (g) 2.0151 2.0811 2.1459
MOB+NdBr3 (g) 14.2163 43.6766 44.4133
Scrubber Volume (mL) 400 400 400
Mass Quartz Plug (g) 45.7919 45.7991 44.2458
MOB After Run (g) 13.5416 43.0295 42.4676
Mass Quartz Plug After (g) 45.8206 45.8229 44.333
Mass Boat Filter (g) 1.169 1.0972 1.1433
Mass Plug Filter (g) 0.5811 0.5806 0.5944
Mass Tube Rinse Filter (g) 1.1326 1.1708 1.1131
Mass Boat Filter After (g) 1.4681 1.3552 1.2604
Mass Plug Filter After (g) 0.5744 0.5776 0.587
Mass Tube Rinse Filter After (g) 1.1199 1.1695 1.1562
MOB After Leach (g) 12.2382 41.5958 42.2678
Initial Mass NdBr3 (g) 2.0155 2.0808 2.1455
Mass of Nd in NdBr3 (g) 0.7572 0.7817 0.8060
Final Mass Left in Boat (g) 1.3408 1.4337 0.1998
Percent Mass Remaining in Boat 66.52% 68.90% 9.31%
Mass Leached from Boat 1.3034 1.4337 0.1998
Nd in Boat Leach [mg/L] 4240 30.2
Nd in Plug Leach [mg/L] 1.09 239
Nd in TR Leach [mg/L] 13.1 1300
Nd in Dessicant Leach [mg/L] 0.05 1.4
Nd in Scrubber 1 [mg/L] 0.09 0
Nd in Scrubber 2 [mg/L] 0.01 53.7
Boat (mL) 100 100 100
Tube Rinse (mL) 100 100 100
Dessicant (mL) 200 200
Plug Leach (mL) 100 100 100
Scrubber 1 (mL) 450 450 450
Scrubber 2 (mL) 450 450 450
Total (mL) 1200 1400 1400
Total (L) 1.2 1.4 1.4
Mass of RE in Solution (g) 0 0.425474 0.181365
% of Total RE Mass in Solution 0.00% 54.43% 22.50%
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Table XLIV: BrSep-Tb, Dy raw data 
 
BrSep-Tb,Dy
Furnace Program 100°C/3hr, 200°C/1hr
Vaporization Time/Temp 6hr/900°C
MOB (g) 41.5918
Mass DyBr3 (g) 1.0877
MOB+DyBr3 (g) 42.6814
Mass TbBr3 (g) 1.0043
MOB+DyBr3+TbBr3 (g) 43.6827
Scrubber Volume (mL) 400
Mass Quartz Plug (g) 44.3089
MOB After Run (g) 42.5019
Mass Quartz Plug After Run (g) 44.2712
Mass Boat 1 Filter (g) 0.5307
Mass Boat 2 Filter (g) 0.5692
Mass Plug Filter (g) 0.5587
Mass Boat 1 Filter After (g) 0.9003
Mass Boat 2 Filter After (g) 0.9159
Mass Plug Filter After (g) 0.5455
MOB After Leach (g) 41.5918
Initial Mass ReBrs (g) 2.0909
Initial Mass DyBr3 (g) 1.0896
Mass of Dy in DyBr3 (g) 0.4402
Initial Mass TbBr3 (g) 1.0013
Mass of Tb in TbBr3 (g) 0.3992
Final Mass Left in Boat (g) 0.9101
Percent Mass Remaining in Boat 43.53%
Mass Leached from Boat (g) 0.9101
RE in Boat Leach [mg/L]
RE in Plug Leach [mg/L]
RE in TR Leach [mg/L]
RE in Desiccant Leach [mg/L]
RE in Scrubber 1 [mg/L]
RE in Scrubber 2 [mg/L]
Boat (mL) 100
Tube Rinse (mL) 100
Desiccant (mL) 200
Plug Leach (mL) 100
Scrubber 1 (mL) 450
Scrubber 2 (mL) 450
Total (mL) 1400
Total (L) 1.4
Mass of RE in Solution (g) 0
% of Total RE Mass in Solution 0.00%
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Table XLV: BrSep3-Nd, Tb raw data 
 
BrSep3-Nd,Tb
Furnace Program 100°C/4hr
Vaporization Time/Temp 8hr/900°C
MOB (g) 41.597 Nd Tb
Mass TbBr3 (g) 1.0186 RE in Boat Leach [mg/L] 281 101
MOB+TbBr3 (g) 42.6153 RE in Plug Leach [mg/L] 32.8 14.2
Mass NdBr3 (g) 1.0469 RE in TR Leach [mg/L] 252 73.6
MOB+TbBr3+NdBr3 (g) 43.6595 RE in Desiccant [mg/L] 0.4 0.54
Scrubber Volume (mL) 400 RE in Scrubber 1 [mg/L] 9.8 5.39
Mass Quartz Plug (g) 46.352 RE in Scrubber 2 [mg/L] 6.34 3.55
MOB After Run (g) 42.3545 Mass of RE in Solution (g) 0.1167588 0.0200298
Mass Quartz Plug After Run (g) 46.391 % of Total RE Mass in Solution 29.76% 4.93%
Mass Boat Filter (g) 1.1147
Mass Plug Filter (g) 1.1373
Mass Tube Rinse Filter (g) 1.1412
Mass Boat Filter After (g) 1.6306
Mass Plug Filter After (g) 1.1183
Mass Tube Rinse Filter After (g) 1.2063
MOB After Leach (g) 41.597
Initial Mass NdBr3 (g) 1.0442
Initial Mass TbBr3 (g) 1.0183
Mass of Nd in NdBr3 (g) 0.3923
Mass of Tb in TbBr3(g) 0.4060
Final Mass Left in Boat (g) 0.7575
Percent Mass Remaining in Boat 36.73%
Mass Leached from Boat (g) 0.7575
Boat (mL) 200
Tube Rinse (mL) 200
Desiccant (mL) 250
Plug Leach (mL) 100
Scrubber 1 (mL) 420
Scrubber 2 (mL) 420
Total (mL) 1590
Total (L) 1.6
BrSep3-Nd,Tb
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Table XLVI: BrSep1-Ho, Ce raw data 
 
BrSep1-Ho,Ce
Furnace Program 100°C/4hr Ho Ce
Vaporization Time/Temp 8hr/900°C RE in Boat Leach [mg/L] 117 533
MOB (g) 41.5949 RE in Plug Leach [mg/L] 14.4 8.62
Mass CeBr3 (g) 1.0293 RE in TR Leach [mg/L] 283 173
MOB+CeBr3 (g) 42.5938 RE in Desiccant [mg/L] 0.2 0.02
Mass HoBr3 (g) 1.0285 RE in Scrubber 1 [mg/L] 9.2 6.77
MOB+CeBr3+HoBr3 (g) 43.5813 RE in Scrubber 2 [mg/L] 6.4 4.56
Scrubber Volume (mL) 400 Mass of RE in Solution (g) 0.088042 0.1468256
Mass Quartz Plug (g) 44.2519 % of Total RE Mass in Solution 21.87% 39.85%
MOB After Run (g) 42.3355
Mass Quartz Plug After Run (g) 44.2816
Mass Boat Filter (g) 1.1284
Mass Plug Filter (g) 1.1343
Mass Tube Rinse Filter (g) 1.1308
Mass Boat Filter After (g) 1.4699
Mass Plug Filter After (g) 1.114
Mass Tube Rinse Filter After (g) 1.1526
MOB After Leach (g) 41.5949
Initial Mass ReBrs (g) 1.9864
Initial Mass HoBr3 (g) 0.9875
Mass Ho in HoBr3 (g) 0.4025
Initial Mass CeBr3 (g) 0.9989
Mass Ce in CeBr3 (g) 0.3685
Final Mass Left in Boat (g) 0.7406
Percent Mass Remaining in Boat 37.28%
Mass Leached from Boat (g) 0.7406
Boat (mL) 200
Tube Rinse (mL) 200
Desiccant (mL) 250
Plug Leach (mL) 100
Scrubber 1 (mL) 420
Scrubber 2 (mL) 420
Total (mL) 1590
Total (L) 1.6
BrSep1-Ho,Ce
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Table XLVII: Exp1-5 raw data part I 
 
Exp1 Exp2 Exp3 Exp4 Exp5
Furnace Program 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C
Vaporization Time/Temp 8hr/900°C, 
800°C, 700°C
8hr/900°C, 
750°C, 600°C
8hr/900°C, 
750°C, 600°C
10hr/900°C, 
750°C, 600°C
6hr/900°C, 
750°C, 600°C
MOB (g) 41.2715 41.2278 41.2128 41.2148 41.2314
Mass CeBr3 (g) 1.0604 0.9992 1.0998 1.0134 1.0511
MOB+CeBr3 (g) 42.3062 42.2191 42.2951 42.2227 42.2796
Mass NdBr3 (g) 1.0715 0.9945 1.0811 1.0151 1.045
MOB+CeBr3+NdBr3 (g) 43.373 43.2134 43.374 43.2377 43.3145
Scrubber Volume (mL) 400 400 400 400 400
Mass Quartz Plug (g) 44.2515 46.4459 44.2484 44.2487 44.2508
MOB After Run (g) 42.3182 41.807 42.2181 41.8853 42.1316
Mass Quartz Plug After Run (g) --- 46.3814 44.2738 44.2764 44.2702
Mass Boat Filter (g) 1.1724 1.1238 1.12 1.1218 1.643
Mass Tube Rinse Filter (g) 0.6147 1.1125 1.1482 1.133 1.5812
Mass Sample I Filter (g) 0.6046 0.589 0.5884 0.583 0.1586
Mass Sample II Filter (g) 0.6157 0.572 0.5924 1.1212 0.1642
Mass Sample III Filter (g) 0.6294 0.5941 1.1058 0.1607
Mass Sample IV Filter (g) 0.6221 1.1375
Mass Boat Filter After (g) 1.3011 1.2464 1.9144 1.6418 2.2658
Mass Tube Rinse Filter After (g) 0.6182 1.1089 1.1296 1.124 1.5656
Mass Sample I Filter After (g) 0.5969 0.5832 0.5799 0.5774 0.1659
Mass Sample II Filter After (g) 0.6102 0.5666 0.587 1.1226 0.1628
Mass Sample III Filter After (g) 0.6225 0.5896 1.1039 0.1632
Mass Sample IV Filter After(g) 0.6156 1.1363
Initial Mass ReBrs (g) 2.1015 1.9856 2.1612 2.0229 2.0831
Initial Mass CeBr3 (g) 1.0347 0.9913 1.0823 1.0079 1.0482
Mass of Ce in CeBr3 (g) 0.3817 0.3657 0.3993 0.3718 0.3867
Initial Mass of NdBr3 (g) 1.0668 0.9943 1.0789 1.0150 1.0349
Mass of Nd in NdBr3 (g) 0.4008 0.3735 0.4053 0.3813 0.3888
Final Mass Left in Boat (g) 1.04670 0.57920 1.00530 0.67050 0.90020
Percent Mass Remaining in Boat 49.81% 29.17% 46.52% 33.15% 43.21%
Boat (mL) 100 100 100 100 200
Tube Rinse (mL) 100 100 200 100 100
Desiccant (mL) 200 200 200 200 200
Sample I (mL) 100 100 100 100 100
Sample II (mL) 100 100 100 100 100
Sample III (mL) 100 100 100 100
Sample IV (mL) 100 100
Scrubber 1 (mL) 420 420 420 420 420
Scrubber 2 (mL) 420 420 420 420 420
Total (mL) 1640 1640 1540 1540 1640
Total (L) 1.6 1.6 1.5 1.5 1.6
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Table XLVIII: Exp1-5 raw data part II 
 
Table XLIX: BrSep5- Nd, Ce, Tb raw data 
 
Ce Nd Ce Nd Ce Nd Ce Nd Ce Nd
RE in Boat Leach [mg/L] 1740 1450 989 488 520 394 6 5.3 217 263
RE in TR Leach [mg/L] 47 572 190 206 2 3.4 39 15 6 6.7
RE in Sample I [mg/L] 2 3.5 4 67.9 4 11.9 55 48 10 19
RE in Sample II [mg/L] 3 4.6 108 189 8 28.4 209 173 38 68.7
RE in Sample III [mg/L] 0 0 141 261 182 105 0 0.9
RE in Sample IV [mg/L] 0 0 206 347
RE in Desiccant [mg/L] 0 0 2 2.5 1 1.7 0 0.4 0 0.4
RE in Scrubber 1 [mg/L] 2 0.8 16 29 0 0.2 11 8.5 2 3.1
RE in Scrubber 2 [mg/L] 0 0.3 12 21.3 0 1.2 7 5.2 1 2
Mass of RE in Solution (g) 0.18004 0.203472 0.17596 0.17752 0.0538 0.04504 0.05666 0.04046 0.05006 0.06435
% of Total RE Mass in Solution 47.2% 50.8% 48.1% 47.5% 13.5% 11.1% 15.2% 10.6% 12.9% 16.6%
Exp1 Exp2 Exp3 Exp4 Exp5
BrSep5-Nd, Ce,Tb
Furnace Program 4hr/100°C
Vaporization Time/Temp 8hr/1000°C Tb Nd Ce
MOB (g) 42.4343 RE in Boat Leach [mg/L] 15.8 23 25
Mass TbBr3 (g) 1.0413 RE in Plug Leach [mg/L] 4.1 6 6
MOB+TbBr3 (g) 43.4765 RE in TR Leach [mg/L] 511 795 896
Mass NdBr3 (g) 1.0278 RE in Desiccant [mg/L] 0.4 0.1 1
MOB+TbBr3+NdBr3 (g) 44.4991 RE in Scrubber 1 [mg/L] 2.9 4.4 5
Mass CeBr3 (g) 1.0232 RE in Scrubber 2 [mg/L] 1.9 2.9 3
MOB+TbBr3+NdBr3+CeBr3 (g) 45.4926 Mass of RE in Solution (g) 0.107886 0.167291 0.18841
Scrubber Volume (mL) 400 % of Total RE Mass in Solution 25.97% 43.55% 51.41%
Mass Quartz Plug (g) 46.3523
MOB After Run (g) 42.9414
Mass Quartz Plug After Run (g) 46.3801
Mass Boat Filter (g) 1.1337
Mass Plug Filter (g) 0.5849
Mass Tube Rinse Filter (g) 1.1361
Mass Boat Filter After (g) 1.5648
Mass Plug Filter After (g) 0.5742
Mass Tube Rinse Filter After (g) 1.1362
Initial Mass ReBr3s (g) 3.0583
Initial Mass TbBr3 (g) 1.0422
Mass of Tb in TbBr3(g) 0.41550
Initial Mass of NdBr3 (g) 1.02260
Mass of Nd in NdBr3 (g) 0.38416
Initial Mass of CeBr3 (g) 0.99350
Mass of Ce in CeBr3 (g) 0.36649
Final Mass Left in Boat (g) 0.50710
Percent Mass Remaining in Boat 16.58%
Boat (mL) 200
Tube Rinse (mL) 200
Desiccant (mL) 250
Plug Leach (mL) 100
Scrubber 1 (mL) 420
Scrubber 2 (mL) 420
Total (mL) 1590
Total (L) 1.6
BrSep5-Nd, Ce,Tb
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Table L: RE# experiment raw data 
 
RE1-1 RE1-2 RE1-3 RE2 RE2-2 RE5 RE6 RE6-2
Furnace Program 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C 4hr/100°C
Bromination Time/Temp 4hr/350°C 4hr/350°C 4hr/350°C 4hr/350°C 4hr/350°C 4hr/350°C 4hr/350°C 4hr/350°C
Vaporization Time/Temp 8hr/900°C, 750°C, 600°C
8hr/900°C, 
750°C, 600°C
8hr/1000°C, 
800°C, 600°C
8hr/900°C, 
750°C, 600°C
8hr/1000°C, 
800°C, 600°C
8hr/900°C, 
750°C, 600°C
8hr/900°C, 
750°C, 600°C
8hr/900°C, 
750°C, 600°C
Mass Ratio (gNH4Br:gRE) 6:1 6:1 6:1 6:1 6:1 6:1 6:1 6:1
MOB1 (g) 40.7210 40.7317 41.2284 39.9041 42.4307 39.9097 39.9146 39.6132
Mass NH4Br (g) 45.6351 45.2829 45.1231 45.0503 45.0534 45.5088 45.0091 45.1715
MOB1+NH4Br (g) 85.9475 85.3035 85.9893 84.3826 87.2358 84.9794 84.7888 84.3353
Mass RE# (g) 7.5167 7.5084 7.5797 7.5476 7.5113 7.5469 7.5347 7.5140
MOB1+NH4Br+ RE# (g) 93.4077 93.3328 93.8413 92.1865 94.8793 92.9154 92.2543 91.9189
MOB2 (g) 41.8689 41.8708 42.4689 41.8910 41.2450 41.8999 41.5364 41.2340
Mass NH4Br (g) 45.0502 45.2504 45.1300 45.9225 45.0490 45.3248 45.4943 45.2515
MOB2+NH4Br (g) 86.6320 86.5759 87.3616 87.4708 86.3723 87.0565 85.2772 86.1987
Mass RE# (g) 7.5610 7.5101 7.5180 7.5221 7.5292 7.5067 7.5834 7.5592
MOB2+NH4Br+ RE# (g) 93.9887 94.5388 93.8413 95.2474 93.9580 94.7016 93.1035 94.0093
Scrubber Volume (mL) 400 400 400 400 400 400 400 400
Mass Quartz Plug (g) 44.2505 44.2982 46.3531 46.3552 46.7182 46.3529 46.4855
MOB1 After Run (g) 50.4059 45.3809 45.5060 46.5961 46.4808 46.2685 47.6530 47.5634
MOB2 After Run (g) 51.7271 47.8183 46.6086 49.2821 46.0063 48.2770 49.7731 49.3765
Mass Quartz Plug After Run (g) 44.6319 46.9626 46.6819 47.1998 46.7070 46.8922 47.1511
Mass Boat Filter (g) 1.6865 1.7011 1.8300 1.6682 1.7830 1.7612 1.7745 1.7928
Mass Tube Rinse Filter (g) 1.7066 1.7110 0.9671 0.9799 0.8644 1.0097 1.0361 1.0535
Mass Sample I Filter (g) 1.7184 0.9586 0.9710 0.9455 0.9690 0.9946 1.0206 1.0253
Mass Sample II Filter (g) 1.6848 0.9489 0.9638 0.9642 0.8565 0.9845 1.0341 1.0134
Mass Sample III Filter (g) 0.9295 0.9665 0.9647 0.8583 0.9980 1.0399 1.0440
Mass Sample IV Filter (g) 0.9438 0.9740 0.9691 0.8664 1.0140 1.0485 1.0417
Mass Sample V Filter (g) 0.9622 0.9791 0.9766 0.8704 1.0150 1.0261 1.0617
Mass Boat Filter After (g) 10.4471 9.7392 9.6868 9.7065 9.6207 13.8673 5.7298 5.8860
Mass Tube Rinse Filter After (g) 1.7401 1.0910 1.0484 1.1208 0.8968 1.0735 1.3478 1.1253
Mass Sample I Filter After (g) 1.7775 1.0290 1.0036 0.9881 0.9897 0.9975 1.0821 1.0450
Mass Sample II Filter After (g) 2.6935 1.0452 0.9808 0.9891 0.8947 0.9809 1.0556 1.0435
Mass Sample III Filter After (g) 1.2692 1.2964 1.0630 1.1169 1.1994 1.4055 1.4036
Mass Sample IV Filter After(g) 1.4919 1.7031 1.3535 1.5338 1.6220 1.5408 1.7286
Mass Sample V Filter After(g) 1.3884 1.4188 0.9809 1.0904 2.3466 1.7009 1.2798
Initial Mass REs (g) 2.2091 2.3843 2.1367 2.5016 2.4452 0.2267 0.9940 1.0006
Initial Mass Ce (g) 1.0490 1.1322 1.0147 1.1654 1.1391 0.1060 0.4817 0.4849
Initial Mass of Pr(g) 0.1139 0.1230 0.1102 0.1271 0.1243 0.0132 0.0491 0.0494
Initial Mass of Nd (g) 0.3363 0.3630 0.3253 0.3802 0.3716 0.0427 0.1421 0.1430
Initial Mass of La(g) 0.7097 0.7660 0.6865 0.8289 0.8102 0.0648 0.3211 0.3233
Final Mass Left in Boat1 (g) 43.0018 47.9519 48.3353 45.5904 48.3985 46.6469 44.6013 44.3555
Final Mass Left in Boat2 (g) 42.2616 46.7205 47.2327 45.9653 47.9517 46.4246 43.3304 44.6328
Percent Mass Remaining in Boats 45.50% 50.39% 50.92% 48.85% 51.02% 49.61% 47.44% 47.86%
Boat (mL) 200 100 100 200 100 100 200 200
Tube Rinse (mL) 100 100 100 100 100 100 200 100
Desiccant (mL) 200 200 200 200 200 200 200
Sample I (mL) 100 100 100 100 100 100 100 100
Sample II (mL) 200 100 100 100 200 100 100 100
Sample III (mL) 100 100 100 200 200 100 200
Sample IV (mL) 100 200 100 200 200 200 250
Sample V (mL) 100 200 100 200 100 100 100
Scrubber 1 (mL) 450 450 450 450 450 450 450
Scrubber 2 (mL) 450 450 450 450 450 450 450
Total (mL) 600 1800 2000 1900 2200 2000 2100 2150
Total (L) 0.6 1.8 2.0 1.9 2.2 2.0 2.1 2.2
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Table LI: Percent of RE in leachate solutions for experiment performed on ore and concentrate samples 
 
Table XLIX: Percent of RE in leachate solutions for experiment performed on ore and concentrate samples, continued 
Ce Pr Nd La Ce Pr Nd La Ce Pr Nd La Ce Pr Nd La
RE in Boat Leach [mg/L] 1360 72 252 997 449 28 84 392 2 0 0.3 3.2 616 44 131 493
RE in TR Leach [mg/L] 0 0 0.6 0 0 0 0.2 0.4 4 0 0.4 0.2 0 0 0.4 0.3
RE in Sample I [mg/L] 0 0 0 0 8 0 25.5 0.3 0 0 0.9 0.1 5 0 12.9 0.5
RE in Sample II [mg/L] 1 0 2 0 0 0 0.5 0 0 0 0.3 0.3 0 0 0 0
RE in Sample III [mg/L] 0 0 0.8 0.4 1 0 0.7 0.4 0 0 0.2 0
RE in Sample IV [mg/L] 2 0 3.4 0 30 2 17.5 14.3 1 0 0.5 0.8
RE in Sample V [mg/L] 35 0 15.7 16.8 23 2 8.7 13.4 0 0 0.2 0.4
RE in Desiccant [mg/L] 0 0 0 0.4 0 0 0 0 0 0 0.5
RE in Scrubber 1 [mg/L] 0 0 0 0 0 0 0 0 0 0 0 0
RE in Scrubber 2 [mg/L] 0 0 0 0 0 0 0 0 0 0 0 0
Mass of RE in Solution (g) 0.27 0.01 0.05 0.2 0.05 0 0.01 0.04 0.01 0 0.01 0.01 0.12 0.01 0.03 0.1
% of Total RE Mass in Solution 26% 13% 15% 28% 4% 2% 4% 5% 1% 1% 2% 1% 11% 7% 7% 12%
RE1-1 RE1-2 RE1-3 RE2-1
Ce Pr Nd La Ce Pr Nd La Ce Pr Nd La Ce Pr Nd La
RE in Boat Leach [mg/L] 129 8 24.1 138 0 0 0 0 56 2 6.7 73.7 43 2 4.6 67.2
RE in TR Leach [mg/L] 0 0 0 0.3 0 0 0 0 0 0 1.1 0 0 0 0 0.5
RE in Sample I [mg/L] 1 0 0.3 0.5 0 0 0.1 0 0 0 0.4 0.4 2 0 0.2 1
RE in Sample II [mg/L] 2 0 0.3 0.4 0 0 0.2 0 0 0 0.2 0.2 0 0 0.3 0.4
RE in Sample III [mg/L] 1 0 0.3 0.5 0 0 0.2 0 0 0 0.3 0.4 0 0 4 0.4
RE in Sample IV [mg/L] 38 3 16.9 21.1 0 0 0.8 0 5 0 2.6 3.1 6 0 1.6 4
RE in Sample V [mg/L] 37 3 13 22.9 0 0 0 0 18 0 5.3 15.8 10 0 0 11
RE in Desiccant [mg/L] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RE in Scrubber 1 [mg/L] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
RE in Scrubber 2 [mg/L] 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
Mass of RE in Solution (g) 0.03 0 0.01 0.02 0 0 0 0 0.01 0 0 0.02 0.01 0 0 0.02
% of Total RE Mass in Solution 3% 2% 2% 3% 0% 0% 1% 0% 3% 1% 2% 5% 2% 1% 2% 5%
RE5-1 RE6-1 RE6-2RE2-2
162 
 
Table LII: Mass Accounting Table for Exp3-5 
 
Input Input Mass %RE Mass (g) Distribution Input Mass %RE Mass (g) Distribution Input Mass %RE Mass (g) Distribution
CeBr3 1.0823 0.368892 0.39925 50% 1.0079 0.368892 0.371806247 49% 1.0482 0.368892 0.386672594 50%
NdBr3 1.0789 0.375672 0.40531 50% 1.015 0.375672 0.38130708 51% 1.0349 0.375672 0.388782953 50%
Total 2.1612 0.80456 100% 2.0229 0.753113327 100% 2.0831 0.775455547 100%
Output Mass (g) Distribution Mass (g) Distribution Mass (g) Distribution
Insoluble 0.7944 79% 0.7944 79% 0.6228 69%
Soluble 0.2109 21% 0.2109 21% 0.2774 31%
Total Residue 1.0053 100% 1.0053 100% 0.9002 100%
mg/L Mass (g) Distribution mg/L Mass (g) Distribution mg/L Mass (g) Distribution
Boat Leach 91.4 0.0914 24% 1.13 0.00113 1% 96 0.096 99%
TR Leach 1.08 0.00108 0% 5.4 0.0054 6% 1.27 0.00127 1%
Sample I 1.59 0.00159 0% 10.3 0.0103 11% 2.9 0.0029 3%
Sample II 3.64 0.00364 1% 38.2 0.0382 39% 10.67 0.01067 11%
Sample III 0 0 0% 28.7 0.0287 30% 0.09 0.00009 0%
Sample IV 0 0 0% 0 0 0% 0 0 0%
Desiccant 0.54 0.00054 0% 0.08 0.00008 0% 0.08 0.00008 0%
Scrubber 1 0.084 8.4E-05 0% 8.19 0.00819 8% 2.142 0.002142 2%
Scrubber 2 0.504 0.0005 0% 5.124 0.005124 5% 1.26 0.00126 1%
Total Mass (g) 98.838 0.09884 26% 97.124 0.097124 100% 114.412 0.114412 118%
Percent Unaccounted Mass RE 75.2% 73.9% 70.4%
Percent Total Unaccounted Mass -11.0% -18.4% 4.9%
Exp4 Exp5Exp3
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Table LIII: Initial mass of individual rare earth elements in ore and concentrate samples determined by XRF 
ID Mass of Ce (g) 
Mass of La 
(g) 
Mass of Nd 
(g) 
Mass of Pr 
(g) 
Initial Mass 
of REs (g) 
RE1-1 2.2551 1.2017 0.7809 0.3304 4.5681 
RE1-2 2.4340 1.2970 0.8428 0.3566 4.9304 
RE1-3 2.1813 1.1623 0.7553 0.3196 4.4185 
RE2-1 2.4212 1.3664 0.8491 0.3708 5.0076 
RE2-2 2.3666 1.3356 0.8300 0.3625 4.8947 
RE5-1 0.3708 0.2867 0.1122 0.0577 0.8274 
RE6-1 0.7600 0.4343 0.2661 0.1101 1.5705 
RE6-2 0.7651 0.4372 0.2679 0.1108 1.5810 
Table LIV: Mass of rare earth in residue remaining in boat after ore and concentrate experiments 
determined by XRF 
ID Mass of Residue (g) 
Mass of 
Ce (g) 
Mass of 
La (g) 
Mass of 
Nd (g) 
Mass of 
Pr (g) 
Total Mass RE 
in Residue (g) 
RE1-1 8.7606 1.2361 0.7210 0.5440 0.2015 2.7026 
RE1-2 8.0381 1.3038 0.7797 0.5562 0.2146 2.8543 
RE1-3 7.8568 1.3364 0.7323 0.5209 0.2074 2.7970 
RE2-1 8.0383 1.2877 0.8135 0.5667 0.2219 2.8898 
RE2-2 7.8377 1.2219 0.7281 0.4985 0.2022 2.6507 
RE5-1 12.1061 0.3075 0.1998 0.0932 0.0448 0.6453 
RE6-1 3.9553 0.5122 0.3085 0.2156 0.0831 1.1193 
RE6-2 4.0932 0.5387 0.3217 0.2272 0.0868 1.1743 
Table LV: Mass of RE detected in leachate solutions for ore and concentrate experiments using ICP 
ID Mass of Ce (g) 
Mass of La 
(g) 
Mass of Nd 
(g) 
Mass of Pr 
(g) 
Total RE 
(g) 
RE1-1 0.2722 0.0144 0.0509 0.1994 0.5369 
RE1-2 0.0494 0.0028 0.0130 0.0411 0.1063 
RE1-3 0.0113 0.0008 0.0055 0.0060 0.0236 
RE2-1 0.1238 0.0088 0.0276 0.0989 0.2591 
RE2-2 0.0286 0.0020 0.0085 0.0229 0.0620 
RE5-1 0.0000 0.0000 0.0003 0.0000 0.0003 
RE6-1 0.0000 0.0000 0.0000 0.0000 0.0000 
RE6-2 0.0113 0.0004 0.0022 0.0158 0.0297 
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Table LVI: Raw XRF data for bromination volatilization of RE ores and concentrate experiments 
 
CalibrationMethod Sample Ca (%) Si (%) P (%) Fe (%) Th (%) Mg (%) Al (%) Sr (%) Ti (%) Zn (%) Ni (%) Ce (%) La (%) Nd (%) Pr (%) Sm (%) Mn (%)
REE-britholite OKA-2__12645 18.02 7.18 4.05 4.09 3.09 0.78 0.76 0.57 0.36 0.46 0.11 11.65 4.74 5.69 1.52 0.85 0.411
% Recovery 99.6 104.4 103.8 100.2 100.3 104.0 176.7 101.8 97.3 104.5 84.6 100.1 99.4 99.1 98.7 98.8 102.0
REE-britholite RE1-1__12646 0.84 12.61 0.66 2.61 0.47 0.57 5.2 0.06 1.18 1.17 0.17 14.11 8.23 6.21 2.3 0.81 0.469
REE-britholite RE1-2__12647 0.87 13.21 0.5 0.62 0.41 0.44 3.1 0.06 1.21 0.1 0.17 16.22 9.7 6.92 2.67 0.82 0.285
REE-britholite RE1-3__12648 1.73 13.66 0.42 0.23 0.38 0.53 3.18 0.22 2.05 0.06 0.15 17.01 9.32 6.63 2.64 0.77 0.25
REE-britholite RE2__12649 0.34 12.53 0.51 1.02 0.46 0.5 3.46 0.03 1.21 0.12 0.14 16.02 10.12 7.05 2.76 0.84 0.341
REE-britholite RE2-2__12650 1.11 12.2 0.34 0.48 0.41 0.66 3.55 0.16 1.62 0.08 0.11 15.59 9.29 6.36 2.58 0.75 0.239
REE-britholite RE5__12651 1.68 25.03 0.37 6.94 0.09 0.58 6.98 0.2 1.68 0.07 0.05 2.54 1.65 0.77 0.37 0.13 1.437
REE-britholite RE6__12652 7.56 17.02 0.51 0.74 0.22 0.82 4.23 0.27 1.22 0.08 0.35 12.95 7.8 5.45 2.1 0.64 0.174
REE-britholite RE6-2__12653 7.85 16.14 0.52 0.51 0.23 0.82 4.23 0.28 1.12 0.07 0.11 13.16 7.86 5.55 2.12 0.65 0.176
REE-britholite OKA-2__12654 17.9 7.16 4.05 4.09 3.07 0.75 0.77 0.59 0.33 0.46 0.12 11.55 4.64 5.58 1.52 0.83 0.418
% Recovery 98.9 104.1 103.8 100.2 99.7 100.0 179.1 105.4 89.2 104.5 92.3 99.2 97.3 97.2 98.7 96.5 103.7
REE-britholite RE1-1-29__12655 1.93 10.94 0.63 13.15 0 0.37 2.74 0.18 2.17 17.32 0.07 15.22 8.11 5.27 2.23 0.7 4.081
REE-britholite RE2-1-32__12656 2.07 10.15 0.59 13.57 0.26 0.39 2.53 0.18 2.22 17.52 0.07 15.54 8.77 5.45 2.38 0.71 3.996
REE-britholite RE5-1-31__12657 1.66 26.63 0.42 15.59 0 0.62 7.05 0.15 1.6 5.76 0.02 2.38 1.84 0.72 0.37 0.13 1.806
REE-britholite RE6-1-15__12658 35.46 7.35 0.68 15.15 0 0.37 1.35 3.57 0.89 15.32 0 4.97 2.84 1.74 0.72 0.23 2.458
OKA-2 Cert Values 18.100 6.880 3.900 4.080 3.080 0.750 0.430 0.560 0.370 0.440 0.130 11.640 4.770 5.740 1.540 0.860 0.403
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10.2. Equations 
𝐼𝐼𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝐶𝐶 𝑥𝑥𝑎𝑎𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅𝑀𝑀 𝐼𝐼𝑅𝑅 𝑂𝑂𝐵𝐵𝐶𝐶𝑀𝑀/𝐶𝐶𝑜𝑜𝑅𝑅𝑀𝑀= �(𝑥𝑥𝑂𝑂𝐵𝐵1 + 𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 𝑅𝑅𝑅𝑅#) − (𝑥𝑥𝑂𝑂𝐵𝐵1 + 𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶)�+ �(𝑥𝑥𝑂𝑂𝐵𝐵2 + 𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶 + 𝑅𝑅𝑅𝑅#) − (𝑥𝑥𝑂𝑂𝐵𝐵2 + 𝑁𝑁𝑁𝑁4𝐶𝐶𝐶𝐶)�
∗ % 𝑜𝑜𝑜𝑜 𝐶𝐶𝑎𝑎𝑒𝑒ℎ 𝐵𝐵𝑎𝑎𝐵𝐵𝐶𝐶 𝐶𝐶𝑎𝑎𝐵𝐵𝐼𝐼ℎ 𝐼𝐼𝑅𝑅 𝑅𝑅𝑅𝑅# 
(43) 
  
 
% 𝑥𝑥𝑎𝑎𝑀𝑀𝑀𝑀 𝑅𝑅𝐶𝐶𝑚𝑚𝑎𝑎𝐼𝐼𝑅𝑅𝐼𝐼𝑅𝑅𝑚𝑚 𝐼𝐼𝑅𝑅 𝐵𝐵𝑜𝑜𝑎𝑎𝐼𝐼 = � 𝑜𝑜𝐼𝐼𝑅𝑅𝑎𝑎𝐶𝐶 𝑚𝑚𝑎𝑎𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑏𝑏𝑜𝑜𝑎𝑎𝐼𝐼
𝐼𝐼𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝐶𝐶 𝑚𝑚𝑎𝑎𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑏𝑏𝑜𝑜𝑎𝑎𝐼𝐼� (44) 
  
  
% 𝑅𝑅𝑅𝑅 𝑚𝑚𝑎𝑎𝑀𝑀𝑀𝑀 𝐼𝐼𝑅𝑅 𝐿𝐿𝐶𝐶𝑎𝑎𝑒𝑒ℎ𝑎𝑎𝐼𝐼𝐶𝐶 𝑆𝑆𝑜𝑜𝐶𝐶𝑆𝑆𝐼𝐼𝐼𝐼𝑜𝑜𝑅𝑅𝑀𝑀 = � 𝑚𝑚𝑎𝑎𝑀𝑀𝑀𝑀 𝐵𝐵𝐶𝐶𝑒𝑒𝑜𝑜𝑟𝑟𝐶𝐶𝐵𝐵𝐶𝐶𝑑𝑑
𝐼𝐼𝑅𝑅𝐼𝐼𝐼𝐼𝐼𝐼𝑎𝑎𝐶𝐶 𝑚𝑚𝑎𝑎𝑀𝑀𝑀𝑀 𝑜𝑜𝑜𝑜 𝑅𝑅𝑅𝑅 𝐼𝐼𝑅𝑅 𝑒𝑒𝑜𝑜𝑚𝑚𝑝𝑝𝑜𝑜𝑆𝑆𝑅𝑅𝑑𝑑� ∗ 100 (45) 
  
  
𝑥𝑥𝑎𝑎𝑀𝑀𝑀𝑀 𝑅𝑅𝐶𝐶𝑒𝑒𝑜𝑜𝑟𝑟𝐶𝐶𝐵𝐵𝐶𝐶𝑑𝑑= �𝑅𝑅𝑅𝑅 𝐼𝐼𝑅𝑅 𝐶𝐶𝐶𝐶𝑎𝑎𝑒𝑒ℎ 𝑀𝑀𝑎𝑎𝑚𝑚𝑝𝑝𝐶𝐶𝐶𝐶 �𝑚𝑚𝑚𝑚
𝐿𝐿
�
∗ 𝑅𝑅𝑜𝑜𝐵𝐵𝑚𝑚𝑎𝑎𝐶𝐶𝐼𝐼𝑜𝑜𝑎𝑎𝐼𝐼𝐼𝐼𝑜𝑜𝑅𝑅 𝑟𝑟𝑜𝑜𝐶𝐶𝑆𝑆𝑚𝑚𝐶𝐶 𝑜𝑜𝑜𝑜 𝐶𝐶𝑎𝑎𝑒𝑒ℎ 𝑀𝑀𝑎𝑎𝑚𝑚𝑝𝑝𝐶𝐶𝐶𝐶 (𝑚𝑚𝐿𝐿)/1000000 
(46) 
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10.3. Temperature and Condensation Profiles 
 Exp#  
 
Figure 102 Exp1 temperature gradient and corresponding leachate sample analysis results 
 
 
Figure 103: Exp3 temperature gradient and corresponding leachate sample analysis results 
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Figure 104: Exp4 temperature gradient and corresponding leachate sample analysis results 
 
 
Figure 105: Exp5 temperature gradient and corresponding leachate sample analysis results 
 
168 
 
 RE# 
 
Figure 106: RE1-1 temperature gradient and corresponding leachate sample analysis results 
 
 
Figure 107: RE1-2 temperature gradient and corresponding leachate sample analysis results 
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Figure 108: RE1-3 temperature gradient and corresponding leachate sample analysis results 
 
Figure 109: RE2-2 temperature gradient and corresponding leachate sample analysis results 
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Figure 110: RE5-1 temperature gradient and corresponding leachate sample analysis results 
 
 
Figure 111: RE6-1 temperature gradient and corresponding leachate sample analysis results 
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Figure 112: RE6-2 temperature gradient and corresponding leachate sample analysis results 
10.4. Select XRD Patterns for Chlorination Experiments 
 
Figure 113: XRD pattern for CCl1-Dy experiment 
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Figure 114: Analysis of CCl1-Dy experiment 
 
Figure 115: XRD pattern for CCOCl1-Ho experiment 
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Figure 116: Analysis of CCOCl1-Ho experiment 
 
Figure 117: XRD pattern for CVAP1-Dy experiment 
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Figure 118: Analysis of CVAP1 experiment 
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10.5. Select XRD Patterns for Bromide Experiments 
 
Figure 119: XRD pattern for BrSepHoCe experiment 
 
Figure 120: XRD pattern for BrSep3-NdTb experiment 
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Figure 121: XRD pattern for BrSep-TbDy experiment 
 
Figure 122: XRD pattern for BrSep-TbGdDy experiment 
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Figure 123: XRD pattern for BrSep3-Nd experiment 
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  Appendix C: Schematic Diagrams of Equipment 
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